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y  We  have  studied  the  applicability  of  the  Atomic  Layer  Epitaxy  (ALE,  •see 
Ref.  Ip  and  Molecular  Beam  Epitaxy  (MBE)  to  growth  of  Hg^Cdi-iTe 
thin-films  throughout  the  composition  range  0  4x4  0.8.  The  progress  of 
the  Contract  has  been  reported  periodically  in  five  interim  reports.  This  final 
Report  summarizes  the  whole  work. 


In  addition,  four  CdTe  overlayers  grown  on  GaAs  substrates  by  ALE  and 
MBE,  together  with  X-ray  diffractographs  and  Nomarsky  micrographs  taken 
for  these  samples  have  been  mailed  under  a  separate  cover  to  The  United 
States  Army  Research,  Development  and  Standardization  Group,  London, 
England. 


7  The  objective  of  our  work  has  been  to  study  alternatives  to  the  conventional 
MBE  growth  of  HgCdTe.  We  have  applied  ALE  as  one  possibility  and  an 
ionized  Hg  technique  as  another.  The  results  may  be  summarized  as  follows. 


1)  Mercury  has  a  small  sticking  coefficient  (of  the  order  of  10“*)  at  growth 
temperatures,  T,  from  180  to  200  C.  It  was  found  that  for  this  reason  the 
mole  fraction  of  Hg  always  remained  below  0.1  in  ALE  growth,  even  if  the 
recovery  time  between  the  successive  pulses  was  shortened  to  a  minimum 
(below  1  sec).  On  the  other  hand,  the  MBE  method  used  under  closely 
similar  growth  conditions  at  practically  same  Hg,  Cd  and  Te  fluxes  (from 
separate  sources)  yielded  films  with  high  x  values.  On  the  grounds  of  these 
observations  we  do  not  find  ALE  suitable  for  growth  of  HgCdTe. 

2)  ALE  can  be  used  to  grow  CdTe.  However,  the  ideal  ALE  model  (M. 
Pessa  et  al.,  J.  Appl.  Phys.  54,  6047  (1983);  J.  Crystal  Growth  6T,  255 
(1984))  may  not  be  applied.  This  is  due  to  the  fact  that  the  CdTe  ALE 
growth  is  a  complex  process  which  requires  a  careful  optimization  of  the 
growth  parameters.  As  discussed  in  Ref.  2,  the  Cd-Te  bonds  are  weaker 
in  the  outermost  atomic  layer  than  those  in  the  bulk  and,  thus,  relatively 
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unstable  at  growth  temperatures  ranging  from  260  to  320  C.  This  instability 
is  related  to  the  absence  of  the  double-layer  zincblende  structure  for  the 
surface  layer.  Re-evaporation  of  Te  (from  a  Cd  terminated  CdTe  (121)  A 
surface  underneath)  continues  during  the  recovery  time,  before  the  next  Cd 
pulse  arrives,  until  all  loosely  bound  Te  atoms  are  removed  and  a  persistent 
submonolayer  coverage  of  about  0.7  monolayer  (ML)  is  left  behind.  Similarly, 
the  outermost  Cd  layer  (with  a  complete  Te  monolayer  underneath)  continues 
to  desorb  during  the  recovery  time  until  a  rather  stationary  state  of  the 
surface  with  a  Cd  coverage  of  roughly  0.3  ML  is  reached.  These  processes 
at  the  growing  front  of  CdTe  make  the  ALE  method  remarkably  complex. 
The  timing  and  dose  of  the  sequential  pulses  influence  the  structural  quality 
of  CdTe;  as  opposed  to  the  prediction  of  the  ideal  ALE  model.  Apparently, 
it  is  more  difficult  and  much  slower  (by  a  factor  of  3  to  5)  to  grow  CdTe 
by  ALE  than  by  MBE  with  similar  structural  qualities  from  the  elemental 
source  materials.  Growth  from  chemical  compounds  via  surface  exchange 
reactions,  e.g.  chloride  epitaxy,  has  not  been  tried. 

3)  Attempts  have  been  made  to  increase  condensation  of  Hg  by  ionizing  the 
flux  in  a  "Kaufman-type”  one-cm  ion  source  (manufactured  by  Common¬ 
wealth  Scientific  Corp.,  Aleksandria,  VI,  USA).  A  neutral  Hg  flux  from  a 
reservoir  placed  outside  the  growth  chamber  was  allowed  to  flow  through  the 
ion  source  which  was  installed  close  to  the  substrate  in  the  growth  cham¬ 
ber.  Although  the  ion  source  worked  very  well  for  an  Ar  beam  in  test  mea¬ 
surements  it  was  hard  to  get  any  stable  Hg  flux  through  the  ion  source  at 
reasonably  high  intensity.  We  would  like  to  emphasize,  however,  that  our 
experiments  have  been  preliminary.  It  is  conceivable  that  by  modifying  the 
present  source  configuration  one  might  overcome  these  problems.  Appar¬ 
ently,  a  greater  sticking  coefficient  would  reduce  the  consumption  of  Hg  from 
its  present  level  of  about  1  kg  per  70-  pm  Hg0.gCd0.2Te  film  in  our  reactor 
and  lower  the  growth  temperature.  We  intend  to  continue  experiments  on 
ionized  Hg  in  the  near  future. 

4)  HgjCdi-xTe  overlayers  with  0  <  x  ■<  0.8  have  also  been  prepared  by 
conventional  MBE.  In  most  experiments  GaAs  (100)  substrates,  oriented  2° 
towards  (110)  to  cause  layer-by-layer  growth  on  terraces,  were  used.  In  a 
few  cases  CdTe  («11)B  substrates  were  also  used.  The  mokcular  beams  were 
produced  either  from  separate  Cd  and  Te  cells  or  from  CdTe  and  Te  cells. 

The  films  have  been  characterized  by  using  single-crystal  X-ray  diffracto- 
metry,  Nomarsky  microscopy,  Auger  and  ESCA  spectroscopy,  Rutherford 
backscattering  and  Hall  mobility  measurements.  This  characterization  has 
shown  that  in  its  present  form  the  reactor  cannot  grow  reproducibly  device 
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quality  material  with  a  desired  mole  fraction  and  structural  perfection  suf¬ 
ficient  for  use  in  infra-red  detector  structures  (see,  e.g.,  Ref.  3).  These  are 
quite  typical  problems  encountered  in  any  MBE  growth  of  HgCdTe.  To  im¬ 
prove  the  quality  of  the  films  we  are  planning  to  modify  the  growth  chamber 
and  build  a  new  Hg  (ion)  source. 

I  wish  to  thank  The  United  States  Research,  Development  and  Standard¬ 
ization  Group  (UK)  for  financial  support  and  co-operation  regarding  this 
Contract. 


Yours  faithfully 
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Atomic  layer  epitaxy  (ALE)  is  not  so  much  a  new  technique  for  the  preparation  of  thin  films  as  a 
novel  modification  to  existing  methods  of  vapor-phase  epitaxy,  whether  physical  (e.g., 
evaporation,  at  one  limit  molecular-beam  epitaxy  (MBE)l  or  chemical  [e.g.,  chloride  epitaxy  or 
metalorganic  chemical  vapor  deposition  { MOC  VD )  ] .  It  is  a  self-regulatory  process  which,  in  its 
simplest  form,  produces  ore  complete  molecular  layer  of  a  compound  per  operational  cycle,  with 
a  greater  thickness  being  obtained  by  repeated  cycling.  There  is  no  growth  rate  in  ALE  as  in  other 
crystal  growth  processes.  So  far  ALE  has  been  applied  to  rather  few  materials,  but,  in  principle,  it 
could  have  a  quite  general  application.  It  has  been  used  to  prepare  single-crystal  overlayers  of 
CdTe,  (Cd,Mn)Te,  GaAs  and  AlAs,  a  number  of  polycrystalline  films  and  highly  efficient 
electroluminescent  thin-film  displays  based  on  ZnS.Mn.  It  could  also  offer  particular  advantages 
for  the  preparation  of  ultrathin  films  of  precisely  controlled  thickness  in  the  nanometer  range  and 
thus  may  have  a  special  value  for  growing  low-dimensional  structures. 
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I.  INTRODUCTION 

Thin  films  are  of  the  greatest  technological  importance, 
and  range  widely  in  application:  the  active  layers  in  semicon¬ 
ductor  devices  as  well  as  the  dielectrics  in  them  or  in  electro¬ 
lytic  capacitors,  the  transparent  conductors  in  liquid-crystal 
displays  or  on  aircraft  windshields,  the  luminescent  and  pro¬ 
tective  layers  in  electroluminescent  ( EL)  thin-film  displays, 
etc.  More  recently  ultrathin  films  of  uniform  and  precisely 
controlled  thickness  in  the  range  1  - 1 0  nm  ha ve  come  to  be  of 
the  greatest  importance  both  scientifically  in  the  branch  of 
solid-state  physics  termed  “low-dimensional,”  as  well  as 
technologically  in  integrated  circuits  and  optoelectronic  de¬ 
vices. 

In  this  general  context  little  attention  was  initially  paid 
to  a  patent  of  Finnish  origin  taken  out  in  1977'  which  de¬ 
scribed  a  novel  mode  of  evaporation  deposition,  atomic  layer 
epitaxy  ( ALE),  for  preparing  thin  films  of  zinc  sulfide.  This 


originated  from  the  Lohja  Corporation  but  was  probably  too 
unorthodox  and  seemingly  restricted  in  application  to  make 
much  impact.  By  1980,  however,  it  was  being  used  to  make 
remarkably  good  large-area  thin-film  EL  displays  based  on 
ZnS.Mn  (Refs.  2  and  3),  and  in  1982  still  better  displays 
from  Lohja  won,  against  strong  U.S.  and  Japan  competition, 
the  prize  of  the  Society  of  Information  Display  for  the  great¬ 
est  advance  in  the  display  field  during  the  preceeding  year. 
ALE  began  to  attract  considerable  attention  as  a  method  for 
producing  thin  films  of  high  quality.  More  recently  still,  with 
the  epitaxial  film  work  of  Pessa's  group  at  Tampere  Univer¬ 
sity  of  Technology,  Finland,  on  II-VI  compounds,  and  of 
Nishizawa’s  group  at  Tohoku  University,  Japan,  on  gallium 
arsenide,  as  well  as  works  of  Usui  et  at.  at  Nippon  Electric 
Corporation  and  Bedair  et  at.  at  North  Carolina  State  Uni¬ 
versity,  on  GaAs,  the  promise  of  ALE  for  growing  low-di¬ 
mensional  structures  has  generated  much  interest. 

II.  FILM  GROWTH  BY  ATOMIC  LAYER  EPITAXY 

A  particularly  simple  way  to  describe  the  ALE  ap¬ 
proach  is  to  say  that  it  makes  use  of  the  difference  between 
chemical  absorption  and  physical  adsorption.  When  the  first 
layer  of  atoms  or  molecules  of  a  reactive  species  reaches  a 
solid  surface  there  is  usually  a  strong  interaction  (chemis¬ 
orption);  subsequent  layers  tend  to  interact  much  less 
strongly  ( physisorption ) .  If  the  initial  substrate  surface  is 
ueated  sufficiently  one  can  achieve  a  condition  such  that 
only  the  chemisorbed  layer  remains  attached.  In  the  earliest 
and  perhaps  simplest  example  of  ALE,  viz.,  the  growth  of 
ZnS  by  evaporation  in  a  vacuum,  Zn  vapor  was  allowed  to 
impinge  on  the  heated  glass.  Evaporation  was  then  stopped 
and  if  physisorbed  Zn  were  present  because  of  the  impinging 
flux,  it  would  reevaporate.  The  process  was  then  repeated 
with  sulfur,  the  first  layer  of  which  would  chemisorb  on  the 
initial  Zn  layer;  any  subsequent  physisorbed  sulfur  would 
gradually  come  away  from  the  heated  substrate  when  the 
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FIG  1 .  Film  growth  by  ALE.  Upper  panel:  growth  from  elemental  source 
materials  [  variant  ( i ) ) .  Lower  panel:  growth  from  compound  source  mate¬ 
rials  via  surface  eschange  reactions  f  variant  (ii)|. 


sulfur  flux  was  cut  off,  leaving  one  (double)  layer  of  ZnS. 
This  complete  cycle  could  be  repeated  indefinitely,  the  num¬ 
ber  of  layers  grown  being  determined  solely  by  the  number  of 
cycles  [see  Fig.  1(a)].  This  cyclic  vacuum  evaporation  was 
described  in  the  original  Lohja  patent.' 

It  has  been  shown  by  straightforward  measurements* 
that  chemical  vapor  deposition  (CVD)  of  ZnS  from  ZnCl3 
and  H,S  could  also  be  operated  in  an  ALE  mode,  the  cycle 
being  somewhat  more  complex  [  Fig.  1  ( b)  ]  in  that  a  chemis¬ 
orbed  ZnClj  monolayer  loses  its  chlorine  to  the  hydrogen  of 
the  later-arriving  H3S  molecules,  forming  HC1,  and  again 
resulting  in  a  ( double )  layer  of  ZnS.  The  importance  of  this 
CVD  variant  is  that  it  enables  ALE  to  be  applied  to  com¬ 
pounds  with  one  or  more  involatile  constituents  for  which 
the  evaporative  approach  would  clearly  not  be  viable. 

One  can  thus  arrive  at  a  definition  of  ALE:  it  is  based  on 
chemical  reactions  at  the  solid  surface  of  a  substrate,  to 
which  the  reactants  are  transported  alternately  as  pulses  of 
neutral  molecules  or  atoms,  either  as  chopped  beams  in  high 
vacuum,  or  as  switched  streams  of  vapor  possibly  on  an  inert 
carrier  gas.  The  incident  pulse  reacts  directly  and  chemically 
only  with  the  outermost  atomic  layer  of  the  substrate.  The 
film  therefore  grows  stepwise — a  single  monolayer  per 
pulse — provided  that  at  least  one  complete  monolayer  cov¬ 
erage  of  a  constituent  element,  or  of  a  chemical  compound 
containing  it,  is  formed  before  the  next  pulse  is  allowed  to 
react  with  the  surface.  Given  that,  any  excess  incident  mole- 
ules  or  atoms  impinging  on  the  film  do  not  stick  if  the  sub¬ 
strate  temperature  Tp  is  properly  chosen,  and  one  therefore 
obtains  precisely  a  monolayer  coverage  in  each  cycle. 

The  formation  of  a  “layer  per  cycle”  is  the  specific  fea¬ 
ture  that  conceptually  distinguishes  the  ALE  mode  from 
other  modes  of  vapor  phase  deposition;  the  latter  all  give  a 
growth  rate,  ALE  gives  a  growth  per  cycle. 
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Some  confusion  appears  to  have  been  generated  because 
the  ALE-grown  materials  actually  used  by  Lohja  in  the:: 
displays  were  polycrystalline  or  amorphous.  Also  it  was  not 
easy  from  what  was  published  to  deduce  experimental  condi¬ 
tions.  It  was  only  later  that  the  first  controlled  experiments 
in  a  laboratory  environment*’5  were  carried  out  at  the  Tam¬ 
pere  University  of  Technology  in  1979-80,  and  provided 
confirmation  of  the  general  correctness  of  the  ideas  devel¬ 
oped  by  Suntola  at  Lohja.  These  were  followed  by  further 
experiments  involving  deposition  onto  smgle-crystal  sub¬ 
strates,  discussed  later  in  Sec.  IV.  These  experiments  showed 
that  the  idealized  ALE  picture,  of  one  complete  double  layer 
being  grown  per  cycle,  could  be  an  oversimplification  As 
discussed  subsequently,  incomplete  layer  growth  occurs  ut 
many  cases. 

To  sum  up  the  present  situation:  the  ALE  mode  of  depo¬ 
sition  has  so  far  only  been  applied  to  a  rather  small  number 
of  materials,  listed  in  detail  in  Sec.  IV.  These  materials  are  of 
considerable  scientific  and  technological  interest.  It  seems 
highly  probable,  though  yet  unproved,  that  a  very  much 
wider  range  of  materials  could  be  handled.  One  particularly 
remarkable  feature  claimed  for  the  ALE  approach  is  that  it 
automatically  gives  an  absolute  control  of  deposit  thickness 
in  terms  of  the  number  of  cycles  employed.  However,  al¬ 
though  the  general  conditions  under  which  ALE  would  be 
possible  seem  reasonable  clear,  each  material  will  have  its 
own  specific  requirements  regarding  the  operational  condi¬ 
tions  under  which  deposits  of  high  perfection  and  purity 
could  be  obtained — while  in  some  cases  ALE  might  turn  out 
not  to  be  applicable. 

111.  THEORETICAL  ASPECTS 
A.  Growth  models 

As  already  indicated  AI  E  in  its  basic  form  operates  by 
growing  complete  atomic  layers  on  top  of  each  other,  there 
being  two  basic  variants  based  on  (i )  evaporative  deposition 
[with  as  one  extreme,  molecular-beam  epitaxy  (MBE)  ],  re¬ 
lying  on  heated  elemental  source  materials,  or  (ii)  chemical 
vapor  deposition  (CVD).  relying  on  sequential  surface  ex¬ 
change  reactions  between  compound  reactants. 

ALE,  therefore,  is  not  so  much  an  entirely  new  method 
of  crystal  growth  as  a  special  mode  of  these  well-established 
growth  techniques. 

Both  ALE  variants,  illustrated  in  Fig.  1,  assume  that  at 
the  substrate  temperature  the  vapor  pressures  of  the  source 
materials  as  solid  phases  are  much  larger,  perhaps  by  several 
orders  of  magnitude,  than  those  of  the  compound  films  even¬ 
tually  formed  from  them  This  requirement  is  usually  met  in 
the  case  of  II-VI  materials  and  can  hold  reasonably  well  in 
many  other  cases. 

The  precaution  mu:  1  be  taken  to  turn  off  the  source 
beam  for  a  sufficiently  long  time  (of  the  order  of  1  s)  after 
each  deposition  pulse.  In  this  way  the  surface  is  allowed  to 
approach  thermodynamic  equilibrium  at  the  end  of  each  re¬ 
action  step — a  growth  condition  that  is  not  usually  met  in 
other  techniques  of  deposition  by  evaporation.  It  is  then 
clear  that  the  fluid  dynamics  are  entirely  eliminated  from  the 
growth  problem.  We  should  also  note  that  a  low  net  growth 
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rate,  a  characteristic  of  ALE,  can  he  partly  compensated  by 
designing  reactors  properly  to  allow  for  depositing  several 
large-area  samples  simultaneously  (such  a  reactor  is  illus¬ 
trated  in  Fig.  4;  see  Sec.  IV). 

In  ALE  variant  (i),  element  A  and  element  B  are  alter¬ 
nately  deposited  onto  the  substrate  at  temperature  Tv .  The 
number  of  monolayers  produced  by  one  pulse  can  be  calcu¬ 
lated  from 

6=  (/,  -/,)»,  /$,. 

Here  9,  is  the  atomic  density  for  one  monolayer  coverage 
(9  =  1 ),  /,  the  number  of  atoms  per  second  impinging  on 
the  substrate  of  unit  area,  I,  the  number  of  atoms  per  second 
reevaporated  from  the  substrate  during  deposition,  and  t, 
the  duration  of  the  pulse.  As  9  reaches  unity  the  sticking 
coefficient  abruptly  changes  from  unity  to  zero;  i.e.,  I,  be¬ 
comes  equal  to  /,.  Only  a  monolayer  of  element  A  held  by 
strong  B-A  bonds  is  left  behind  after  reevaporation  of  those 
atoms  (or  molecules)  that  are  present  in  excess.  Next,  the 
surface  is  subjected  to  a  pulse  of  B.  Once  all  possible  A-  B 
bonds  have  formed,  no  further  B  will  stick.  The  process  is 
repeated  with  alternate  pulses  of  A  and  B  until  the  desired 
film  thickness  is  achieved,  one  monolayer  at  a  time. 

Such  behavior  can  be  termed  the  ideal  ALE  mode.6  Ex¬ 
periments,  however,  indicate  that  this  model  is  oversimpli¬ 
fied  because  it  does  not  take  into  account  the  fact  that  perfect 
layer-by-layer  growth  does  not  always  take  place,  even  if  an 
optimum  value  of  Tt,  is  chosen.  A  detailed  study  of  growth 
of  CdT  e  epilayers  on  CdTe  (111)  substrates  has  shown1  that 
the  sticking  coefficients  of  Cd  and  Te  are  less  than  unity  at 
Tt, .  The  persistent  coverages  left  behind  after  reevaporation 
are  measured  to  be  only  35%  of  a  monolayer  for  Cd  on  CdTe 
( 11 1 )  B  and  72%  for  Te  on  CdTe(  11 1 )  A.  Such  coverages 
have  structural  implications — see  the  discussion  in  Sec.  Ill 
B 

A  generalized  model  has  been  suggested7  for  growth  of 
an  AB  compound  by  ALE  variant  ( i )  which  involves  (a )  the 
existence  of  weakly  bound  states  of  both  reactants  in  the 
vicinity  of  the  interface  and  (b)  partial  reevaporation  of  the 
first  elemental  monolayer  deposited.  According  to  this  mod¬ 
el,  the  timing  and  dose  of  the  sequential  pulses  of  elemental 
A  and  B  should  be  carefully  related  to  each  other.  This,  of 
course,  represents  a  considerable  departure  from  the  ideal 
ALE  model  but  does  retain  the  basic  growth  per  cycle  that  is 
the  distinctive  feature  of  ALE. 

In  the  case  of  ALE  variant  (ii),  sequential  surface  ex¬ 
change  reactions  are  used  to  grow  a  film  of  a  compound  AD 
( see  Fig.  1(b)].  During  the  first  phase  of  a  deposition  cycle 
incident  molecules  AB  are  adsorbed  by  the  surface  layer.  AB 
remains  on  the  surface  until  a  pulse  of  CD  molecules  arrives. 
At  a  properly  chosen  Tv  the  surface  reaction  AB  +  CD 
— >BC  -f  AD  then  occurs.  This  releases  B  and  C  ( usually  as  a 
compound  BC)  and  results  in  the  formation  of  a  layer  of 
AD.  As  with  ALE  variant  ( i ) ,  the  growth  proceeds  stepwise, 
and  is  independent  of  the  size  of  a  reactant  pulse,  provided 
that  it  exceeds  the  minimum  amount  of  material  required  to 
form  the  appropriate  adsorbed  monolayer.  It  nonetheless 
appears  probable  that,  as  noted  for  variant  (i),  the  timing 


and  dose  of  sequential  pulses  would  need  to  be  related  to 
each  other. 

Comprehensive  theoretical  quantum  chemical  studies 
of  the  growth  of  a  ZnS  surface  by  ALE  variant  ( li )  using  the 
first  of  these  reactions  have  been  carried  out  by  Pakkanen  el 
al.“  These  studies  showed  that  the  growth  process,  which 
involves  several  reaction  steps,  again  is  not  so  simple  as  the 
ideal  ALE  reaction  scheme  shown  in  Fig.  lb.  The  calcula¬ 
tions  were  based  on  ab  initio  Hartree-Fock  theory  for  atoms 
and  molecules.  They  showed  that  the  formation  of  a  com¬ 
plete  ZnS  overlayer  does  not  occur  in  a  single  ALE  cycle. 

The  calculations  suggest  that  two  different  growth 
mechanisms  could  occur  r  living  ALE-type  cyclic  reac¬ 
tion  with  molecules  of  Zn^._  .nd  H2S.  These  mechanisms 
might  operate  simultaneously  at  different  sites  of  the  real 
ZnS  surface.  In  the  first  of  these  mechanisms  surface  chains 
are  formed,  the  first  step  m  this  chain  process  being  the  che¬ 
misorption  of  ZnCl2  which  produces  a  chlorine-bridged 
ZnClj  overlayer  with  a  maximum  surface  coverage  of  0.5. 
Subsequent  H,S  adsorbates  react  with  the  ZnCl2  chains  re¬ 
leasing  HC1  and  creating  ZnS  chains  with  the  S  atoms  at  the 
top.  ZnCl,  molecules  of  the  next  pulse  bind  to  the  S  atoms 
and  again  form  a  chlorine-bridged  ZnCL  overlayer  with  a 
surface  coverage  of  0.5.  The  second  H,S  pulse  completes  the 
new  ZnS  layer.  This  complete  layer  is  identical  to  the  bulk 
structure.  On  this  basis,  the  maximum  growth  rate  is  one 
new  layer  per  two  cycles  of  ZnCI2  +  H,S.  In  the  second 
mechanism,  an  alternative,  somewhat  similar  set  of  reac¬ 
tions  was  proposed  for  the  formation  of  ZnCl2-ring  over¬ 
layers.  The  initial  surface  coverage  would  now  be  0.33  and 
the  maximum  growth  rate  would  therefore  become  one  ZnS 
Lyer  per  three  cycles  of  ZnCl2  +  H2S. 

Deviations  from  the  simple  model  of  ALE  growth  dis¬ 
cussed  so  far  have  all  indicated  a  reduction  of  the  thickness 
grown  per  cycle.  However,  some  recently  published  work1* 10 
on  GaAs  grown  by  ALE  variant  (ii),  and  discussed  in  Sec¬ 
tion  IV  A  3,  indicates  that  growth  can  proceed  in  a  complete 
layer-by-layer  fashion;  in  some  circumstances  there  can  even 
be  an  increase  of  the  thickness  per  cycle. ' ' 

B.  Kinetic  effects 

Several  factors  must  be  satisfied  for  ALE  growth  to  be 
possible.  ALE  implies  the  need  for  (a)  a  flat  perfect  sub¬ 
strate  surface  and  (b)  equally  strong  adsorption  of  the  two 
vapor  species  taking  part  in  the  cycle,  and  equally  easy  de¬ 
sorption  of  any  reaction  products  in  the  case  of  ALE  variant 
( ii ) .  It  does  not  as  yet  appear  possible  to  calculate  accurately 
to  what  extent  these  requirements  will  be  met  by  a  specific 
material,  simply  because  not  enough  is  known  about  the  ef¬ 
fects  due  to  surface  adsorption  of  impurities  (including  ad¬ 
sorption  of  excess  of  constituent  elements ) .  There  are,  how¬ 
ever,  some  useful  guidelines. 

The  flatness/perfection  of  a  low-energy  (close-packed) 
surface  of  a  crystalline  material  depends  on  the  energy  re¬ 
quired  to  form  defects  in  it.  Some  insights  into  this  can  be 
obtained  from  Jackson’s  model12  which  demonstrates  a 
close  relationship  between  surface  roughness  during  growth 
and  entropy  for  transformation  (i.e.,  volatilization  in  the 
case  of  vapor  growth,  fusion  for  growth  from  the  liquid).  A 
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FIG.  2.  Free  energy  of  an  interface  vs  occupied  fraction  of  surface  sites. |: 


variation  of  Jackson’s  factor  a,  proportional  to  this  entropy 
of  transformation,  gives  rise  to  marked  changes  in  the  free- 
energy  gain  or  penalty  that  arises  from  surface  roughness. 
This  is  shown  in  Fig.  2  which  plots  as  a  function  of  a  the 
contribution  to  free  energy  due  to  surface  site  occupancy, 
that  is  the  fraction  of  empty  surface  sites  in  a  nearly  complet¬ 
ed  layer,  or  of  occupied  sites  in  a  layer  beginning  to  grow 
(which  together  constitute  a  simple  index  of  surface  rough¬ 
ness  ) .  For  values  of  a  less  than  about  1 . 5  there  is  a  minimum 
in  this  contribution  at  an  occupancy  of  0.5;  in  such  cases  the 
surface  is  always  rough,  giving  ready  nucleation  and  indicat¬ 
ing  that  ALE  would  not  be  possible.  As  a  increases  above  a 
value  of  about  2  the  minimum  free-energy  condition  rapidly 
moves  towards  a  situation  of  extremely  small  occupancy  or 
vacancy  (Fig.  2).  As  a  consequence,  an  increasingly  smooth 
and  perfect  surface  results.  Since  vapor-solid  entropy 
changes  are  usually  large  this  approach  suggests  that  most 
vapor-grown  materials  should  facet. 

Although  Jackson’s  model  only  refers  to  the  incorpora¬ 
tion  of  a  single  species  at  a  growing  surface,  and  does  not 
appear  to  have  been  extended  to  more  complex  situations, 
some  of  its  features  should  still  be  relevant.  For  example,  the 
observation  of  marked  facetting  during  growth  is  direct  evi¬ 
dence  for  smooth  surfaces  that  do  not  give  easy  nucleation; 
that,  in  turn,  implies  that  a  facetting  orientation  will  be  a 
requirement  for  the  occurrence  of  layer-by-layer  growth  by 
ALE. 

Hartmann’s  concept  of  the  periodic  bond  chain 13  can 
explain  many  of  the  observed  details  of  facetting  in  terms  of 
the  arrangement  of  chemical  bonds  within  the  material  and 
how  these  intersect  the  surface.  This  idealized  approach  re¬ 
fers  to  a  clean  surface  at  equilibrium;  the  complexity  of  real 
surfaces  during  growth  is  likely  to  involve  significant  depar- 
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tures  from  that.  For  example,  in  the  case  of  GaAs,  which  can 
give  what  to  the  eye  are  mirror  facets  on  ( 100),  Daweritz14 
has  found  reason  for  suggesting  that  under  near-equilibrium 
conditions  a  clean  but  As-rich  ( 100)  surface  forms  minifa¬ 
cets  bounded  by  a  variety  of  planes,  mainly  [111).  This  re¬ 
duces  the  number  of  dangling  bonds.  It  also  gives  a  surface 
roughness  several  atomic  layers  in  height.  It  is  interesting  to 
note  that  Theeten  et  a,'. 15  deduced  from  a  simple  (PBC) 
approach  assuming  atomically  fiat  surfaces  that  [100) 
should  be  relatively  fast  growing  surfaces  and  therefore 
probably  nonfacetting.  They  also  predicted  that  [111)  sur¬ 
faces  of  GaAs  should  be  very  slow  growing,  i.e.,  facetting, 
because  of  the  difficulty  of  nucleation,  and  [110)  and  [113) 
relatively  slow  growing. 

Experimentally  the  vapor  growth  of  GaAs  by  the  chlo¬ 
ride  technique15  is  found  to  be  yet  more  complicated  than 
would  be  predicted  on  the  PBC  approach  modified  to  take 
into  account  some  surface  reconstruction.  This  is  dramati¬ 
cally  illustrated16  in  Fig.  3.  Here  the  slowest  growing  orien¬ 
tations  would  be  expected  to  be  favorable  for  ALE.  Part  of 
the  complication  of  this  growth  plot  arises  from  the  polar 
nature  of  GaAs,  in  which  (111)  and  (111)  orientations  are 
not  equivalent.  In  addition  it  has  been  suggested15  that  the 
adsorption  of  molecules  from  the  gas  phase  (eg.,  complexes 
containing  chlorine)  would  be  expected  to  modify  the  con¬ 
clusions  of  a  straightforward  PBC  approach.  Such  an  argu¬ 
ment,  while  relevant  to  ALE  variant  (ii),  might  not  be  ex¬ 
pected  to  hold  for  variant  (i).  However,  even  with  variant 
(i)  excess  of  a  constituent  can  be  adsorbed  on  the  growing 
surface,  and  so  modify  behavior,  and,  via  the  minifacetting 
mentioned  previously,  affect  surface  coverage  and  surface 
roughness.  The  occurrence  of  some  kind  of  minifacetting 
may  explain  the  abnormally  small  thickness  increment  per 
cycle  found  earlier  under  certain  ALE  growth  conditions 
Whether  or  not  one  can  suitably  modify  the  PBC  approach 
into  an  accurate  predictive  tool,  there  is  strong  evidence  that 
the  kind  of  orientation  dependent  growth  rate  curve  of  Fig.  3 
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directly  reflects  the  surface  kinetics  that  govern  the  adsorp¬ 
tion  and  incorporation  of  Ga  and  As  into  the  growing  crys¬ 
tal. 

Considerable  effort  has  been  expended  in  trying  to  un¬ 
derstand  the  detailed  adsorption  kinetics  for  GaAs  surfaces, 
see,  e  g.,  Refs.  16-19.  However,  although  qualitative  agree¬ 
ment  with  experiment  has  been  obtained,  as  for  example  in 
Ref.  18,  which  deals  with  the  effects  of  adsorption  on  the 
vapor  growth  of  GaAs,  it  should  be  noted  that  even  for  such 
a  well-characterized  material  as  GaAs  various  assumptions 
had  to  be  made,  while  some  of  the  relevant  parameters  had  to 
be  plausibly  estimated.  It  thus  seems  unlikely  that  it  will  be 
possible  in  the  near  future  to  predict  the  orientation-depen¬ 
dent  behavior  of  the  vapor  growth  of  any  less  well-under¬ 
stood  material.  At  least  for  the  present  time,  therefore, 
whether  or  not  a  particular  material  might  be  grown  by  ALE 
must  be  judged  semiempirically. 

IV.  GROWTH  BY  ATOMIC  LAYER  EPITAXY- 
EXPERIMENT 

The  cycle  of  alternate  pulses  in  ALE  may  be  repeated 
every  1-3  s,  which  yields  a  net  growth  rate  of  about  0.3-0.6 
/tm/h.  Considerably  longer  cycle  times,  and  hence  slower 
growth  rate,  can  also  be  used,  but  any  significant  reduction 
in  cycle  time  below  1  s  is  unlikely,  due  to  limited  pump  ca¬ 
pacity.  As  already  mentioned  in  Sec.  Ill,  the  small  net  depo¬ 
sition  rate  may  be  compensated  by  simultaneously  growing 
many  films.  An  ALE  reactor  capable  of  handling  a  batch  of 
substrates  is  illustrated  in  Fig.  4.  Here  the  separation  of  reac¬ 
tion  steps  is  accomplished  by  a  gas  flow  over  immobile  sub¬ 
strates.  The  reactants  are  alternately  injected  into  the 
growth  chamber,  and,  following  each  reaction,  are  purged 
away  by  a  carrier  gas  flow. 

A.  Monocrystalline  deposits 

The  first  detailed  investigation  of  atomic  layer  epitaxy 
on  single-crystal  substrates  was  carried  out  at  the  Tampere 
University  of  Technology.'0  This  employed  an  ultrahigh 
vacuum  apparatus  of  the  kind  used  for  MBE.  In  order  to 
maintain  the  vacuum  of  10~7  Pa  during  growth  limited 
pump  capacity  made  it  necessary  to  use  a  relatively  long 
cycle  time.  The  final  result  was  a  net  growth  rate  of  0.1 -0.3 
fi m/h.  Later  work'’7,21”  employed  a  new  and  improved 
MBE/ALE  system,  illustrated  schematically  in  Fig.  5,  and 
enabled  faster  growth  to  be  achieved.  The  growth  chamber 
incorporates  three  Knudsen-type  effusion  furnaces  manu¬ 
factured  by  Kryovak  Ltd.  for  operation  in  the  ALE  mode  ( i ) 
( and  in  the  usual  MBE  mode )  and  two  gas  inlets  for  apply¬ 
ing  ALE  variant  (ii).  This  is  built  onto  a  VG  ADES-400 
electron  spectrometer  capable  of  x-ray  photoelectron 
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FIG  4.  Schematic  diagram  of  a  gas-flow-type  ALE  reactor. 
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FIG.  5.  Layout  of  an  ultrahigh  vacuum  reactor  chamber  capable  of  ALE 
and  MBE  growth  by  evaporation  from  Knudsen-type  effusion  cells  or  by 
surface  exchange  reactions  of  gases  from  vapor  sources,  built  on  a  multi  - 
techmque  electron  spectrometer  for  in  situ  characterization  of  films. 


(XPS),  Auger  electron  (AES),  angle-resolved  UV  photoe¬ 
mission  (UPS),  and  low-energy  electron  diffraction 
(LEED)  measurements, 

1.  Cadmium  lellurlde 

The  first  material  to  be  investigated  was  CdTe.2"  ALE 
variant  (i)  was  used  because  of  the  rather  high  vapor  pres¬ 
sures  of  elemental  Cd  and  Te  at  elevated  temperatures  where 
the  dissociative  evaporation  of  CdTe  itself  would  be  negligi¬ 
bly  small.2'  We  note  parenthetically  that  it  might  also  prove 
possible  to  use  ALE  variant  (ii ),  for  example,  with  dimethyl 
cadmium  and  diethyl  telluride  as  reactants,  because  these 
compounds  have  been  used  to  grow  CdTe  epilayers  by  metal 
organic  CVD.2J  CdTe  was  also  chosen  for  investigation  be¬ 
cause  of  its  potential  importance  in  the  areas  of  optoelectron¬ 
ics,  integrated  optics,  and  solar  energy  conversion.  It  is  al¬ 
ready  used  as  a  substrate  material  for  Cd,  ,  Hg, Te  solid 
solutions  and  as  a  constituent  of  CdTe-HgTe  superlattices, 
which  make  excellent  infrared  detectors  for  the  8-14  /jm 
atmospheric  window.25,2'’ 

It  should  be  noted  in  passing  that  CdTe  single-crystal 
substrates  of  high  structural  perfection  are  difficult  to  ob¬ 
tain.  Other  substrates,  such  as  GaAs  (100),  lattice-match¬ 
ing  InSb  ( 100),27,2*  and  (111  ),27  sapphire  (0001 1,2’  and  Si 
(111),’0  all  of  which  have  been  employed  in  the  MBE 
growth  of  CdTe,  offer  viable  alternatives  to  CdTe  substrates 
for  growth  of  CdTe  epilayers. 

ALE  experiments  with  nonpolar  (110)  CdTe  sub¬ 
strates,2"  polar  (111'  A  and  ( 1 11  )B  substrates,7,2 1,22  as  well 
as  GaAs  ( 100) 3 1  have  been  carried  out.  In  order  to  deter¬ 
mine  an  appropriate  growth  temperature,  an  amorphous  Te 
overlayer  about  I  nm  thick  was  deposited  onto  the  substrate 
at  room  temperature.21’  The  substrate  was  then  gradually 
heated  to  800  K  while  observing  the  Te  Af ,  ,  A ,  Auger 
signal  at  485  eV.  The  intensity  of  this  signal  decreased  with 
increasing  temperature  up  to  540  K  (see  Fig.  6).  above 
which  it  leveled  off.  This  change  was  due  to  the  desorption  of 
loosely  bound  Te  atoms  in  the  deposit,  and  the  constant  sig¬ 
nal  in  the  range  550-750  K  corresponded  to  the  stable  sur¬ 
face.  Similar  results  were  obtained  for  Cd.  These  and  other 
similar  experiments  indicated  that  at  540  K  thick  amor¬ 
phous  deposits  reevaporated  at  the  rate  of  roughly  300  nm/s 
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for  Teand  27  /im/s  for  Cd,  confirming  that  ALE  variant  (i) 
was  indeed  operative. 

With  the  substrate  at  540  K.,  Cd  and  Te  were  alternately 
deposited  as  molecular  beam  pulses  of  Cd  and  Te;.  The  de¬ 
position  rate  was  varied  from  0.01  to  0.08  nm/s,  as  moni¬ 
tored  by  a  quartz  crystal  oscillator.  In  order  to  obtain  a 
rough  estimate  of  actual  growth  per  cycle,  films  were  depos¬ 
ited  onto  small  pieces  of  molybdenum  at  540  K.  The  Auger 
signals  from  Cd.  Te.  and  Mo  were  recorded  as  a  function  of 
the  number  of  ALE  cycles.  After  10  cycles  it  was  found  that 
the  Mo  MW  Auger  line  could  no  longer  be  detected.  From 
this  it  was  deduced  that  a  film  of  thickness  between  2  and  2.5 
nm  must  have  grown,  in  good  agreement  with  the  expected 
growth  per  cycle  of  0, 229  nm,  the  ( 1 10)  interplanar  spacing. 

LEED  patterns  of  the  (110)  face  of  the  grown  films 
showed  a  simple  (lxl)  surface  unit  cell.  (This  does  not 
preclude  reconstruction;  see  Ref.  32).  From  LEED  patterns 
and  A  I  s  and  XPS  spectra  clean  and  stoichiometric  single- 
crystal  films  could  be  obtained  for  Tt,  of  480  K  and  above. 
At  lower  temperatures,  e  g.,  390  K,  diffuse  LEED  spots  sug¬ 
gested  poor  crystal  structure  and,  usually,  deviations  from 
stoichiometry.  I  his  result  was  expected  because  the  vapor 
pressures  of  elemental  Cd  and  Te  are  about  10  '  and  10  “ 
Pa.  respectively,  so  that  some  trapping  of  excess  Te  may  have 
occurred 

It  is  thought  that  the  ideal  ALE  mode!  cannot  fully  ac¬ 
count  for  LEED  observations  which  indicate  that  a  growing 
film  may  possess  better  crystal  structure  than  the  CdTe  sub¬ 
strate'’’  It  was  partly  as  a  consequence  of  these  findings 
that  an  intermediate  surface  adsorbed  layer  was  suggested  to 
be  present  during  deposition  Based  on  experimental  studies7 
of  isothermal  reevaporation  rates  of  elemental  Cd  and  Te 
deposits,  it  was  estimated  that  reevaporation  rates  of  Cd  and 
Te  of  this  near-interface  region  were  less  than  one  tenth 
those  for  thick  amorphous  deposits  of  these  elements.  This 
conclusion  led  to  a  revised  schematic  model  for  the  ALE 
process,  sketched  in  Fig.  7  Here,  the  weakly  bound  layers 
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FIG.  7.  Schematic  illustration  of  the  key  concept stepv  awv 
growth  of  CdTe  over  layers. 


just  above  the  substrate  would  allow  ready  migration  and 
mixing  of  atoms  and  molecules.  The  activation  energies  for 
reevaporation  of  this  near-interface  region  were  measured  to 
be  1 . 5  e  V  for  Te  on  CdTe  ( 1 1 1 )  A  and  0. 5  e V  for  Cd  on  CAT  • 
( 1 1 1  )B.  Because  the  activation  energies  for  surface  d’ffto 
are  only  about  one-third  of  the  bond  energies. "  i  e  .  0.5  and 
0.17  eV  for  Te  and  Cc,  respectively,  migration  of  the  ad 
sorbed  atoms  and  molecules  should,  indeed,  take  place  effec¬ 
tively  in  the  near-interface  region. 

In  order  to  study  the  interrelation  of  timing  and  dose  of 
the  pulses,  growth  experiments  on  CdTe  were  performed  by 
varying  the  beam  fluxes,  lengths  of  duration  of  the  pulse-, 
and  time  windows  while  maintaining  Tg,  —  553  K  con 
slant.1  After  each  growth,  the  surface  morphology  was  Mud 
ied  by  a  scanning  electron  microscope  The  smoothes!  sur¬ 
face  was  obtained  when  the  growth  parameters  were 
“optimized.”  As  an  example  of  this  optimization  at  a  rela¬ 
tively  low  net  growth  rate  the  following  set  of  parameters 
may  be  chosen: 

( a )  growth  rate  of  0. 1 2  nm/s  of  the  Cd  ar.d  Te  deposi  t s. 

(b)  length  of  duration  of  pulses  from  2.5  to  2  8  s; 

(c)  delay  times  (windows)  0.5  s  for  the  Te,  pulse  inci¬ 
dent  on  CdTe  ( 1 1 1 )  A  and  1  0  s  for  the  Cd  pulse 
incident  on  ( 1 1 1 )  B 

In  an  experiment,  these  parameters  yielded  growth  of  a 
monomolecular  layer  of  0.37  nm  per  cycle  in  7  s,  correspond¬ 
ing  to  a  net  deposition  rate  of  190-200  nm/h. 

Angle-resolved  UPS,  which  is  very  sensitive  to  surface 
crystal  structure  and  contamination,  gave  further  inform 
tion.20  The  emission  peaks  were  sharper  and  of  higher  inten¬ 
sity  for  ALE-grown  films  than  for  the  original  substrate, 
suggesting  improved  quality  and,  probably,  a  smoother  su;  - 
face.  In  addition,  the  films  grown  under  optimal  conditions 
showed  features  that  are  not  observed  with  bulk  CdTe(  1 10) 
unless  it  is  cleaved  in  vacuum.  These  features  of  the  elec¬ 
tronic  band  structure  were  interpreted  as  due  to  the  presence 
of  occupied  surface  states  caused  by  surface  recon  stun  • 
tion.'2  They  could  not  be  seen  in  films  grown  at  temperaui'cs 
giving  diffuse  LEED  spots,  nor  for  those  exposed  to  air  so 
that  they  were  definitely  associated  with  a  rather  perfect  sur¬ 
face. 

CdTe  overlayers  on  CdTe  (lll)B  are  often  better  in 
crystal  structure  than  those  on  CdTe  (111  )A,  or  on  CdTe 
(110),  as  deduced  from  LEED.  It  is  also  noted  that  the 
sharpness  of  LEED  patt  *rns  improves  as  films  grew  thicker. 
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FIG.  8.  LEED  patterns  (a)  for  a  CdTe  ( 1 II )  B  substrate  ( cleaned  by  Ar  * 
ion  sputtering  then  annealing  at  470  K )  and  ( b)  for  a  37-nm  CdTe  { 1 1 1 )  A 
film  grown  on  this  substrate  by  ALE  at  540  K. 
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FIG  9  Photoluminescence  spectra  taken  at  2  K  from  (a)  an  ALE-grown 
CdTr/CdTe  (1)1)  sample  and  (b)  an  MBE-grown  CdTe/CdTe  (111) 
sample  These  films  were  prepared  under  closely  similar  conditions  in  a 
CdHgTe  MBE  reactor  at  Tampere  University  of  Technology. 


at  least  up  to  50  run  An  example  of  this  behavior  is  given  in 
Fig.  8  for  growth  on  ( 1 1 1  )B.  However,  LEED  only  samples 
local  order  and,  therefore,  small  coherent  areas  20-30  nm 
across  may  produce  reasonably  good  LEED  patterns 
LEED  is  also  rather  insensitive  to  nonperiodic  surface  de¬ 
fects  and  dislocations.  Unfortunately,  high-energy  electron 
ilill'raction  measurements  (RHEF.D),  capable  of  probing 
large  areas,  have  not  yet  been  reported  in  the  literature  for 
ALE-grown  films. 

Low-temperature  photoluminescence  (PL)  from  a  few 
ALE-grown  CdTe  ( 1 1 1  )B  overlayers  has  been  measured.  ‘J 
Figure  9  shows  a  2  K  PL  spectrum  from  a  1  -/i m  CdTe  film 
grown  at  Tt,  =  550  K  in  a  CdHgTe  MBE  reactor  (at  Tam¬ 
pere  University  of  Technology,  the  reactor  is  not  described 
here).  There  are  two  narrow  lines  just  above  1.59  eV,  which 
dominate  this  spectrum.  They  are  most  likely  associated 
with  radiative  recombination  of  excitons  bound  to  shallow 
acceptors  (/>  type).''1  Their  strength  and  sharpness  provide 
evidence  that  the  film  is  of  high  electrical  quality.  We  are  not 
able  to  make  a  definitive  assignment  to  the  broad  feature 
ranging  from  1.54  to  1.56  eV,  nor  to  the  weak  doublet  cen¬ 
tered  at  1 . 57  eV.  However,  a  possibility  arises  that  the  broad 
feature  is  due  to  band-edge  emission.34  For  comparison,  a 
PL  spectrum  from  MBE-grown  CdTe  prepared  under  close¬ 
ly  similar  conditions  is  also  shown  in  Fig.  9.  The  two  spectra 
are  very  similar.  Perhaps  the  only  difference  observed  is  the 
intensity  of  the  broad  feature  which  is  about  three  times 
greater  for  the  ALE-grown  film. 

In  the  recent  literature  much  attention  has  been  paid  to 
growth  of  CdTe  on  foreign  substrates.  The  major  limitations 
of  employing  CdTe  crystals  are  due  to  the  high  costs  and 
unsatisfactory  grain-boundary  structures.  GaAs  is  an  attrac¬ 
tive  alternative  because  large-area  wafers  of  high  structural 
perfection  [dislocation  densities  as  ( 1-5)  X  Iff  cm"2]  are 
readily  available  at  a  modest  cost.  Despite  the  fact  that  CdTe 
has  a  large  lattice  mismatch  of  14.6%  with  GaAs  it  grows 
perfectly  epitaxially  in  the  ( 100)  (Refs.  35-38)  and  (111) 
(Refs.  37,  39-41)  directions  on  GaAs  (100).  The  growth 
mechanism  of  CdTe  on  this  substrate  has  been  studied  in 
detail  by  Otsuka  ei  al. 37  and  Datta  era/.42  When  CdTe  (100) 
is  on  GaAs  ( 100),  the  (7x7)  CdTe  superlattice  cell  is  al¬ 
most  exactly  commensurate  with  the  ( 8  x  8 )  GaAs  cell  with 
the  two  crystals  being  separated  by  a  thin  interfacial  oxide 
layer.  If  no  such  oxide  layer  exists  the  growth  is  likely  to 
occur  in  the  ( 1 1 1 )  direction.37  Massive  dislocations  of  com¬ 
plex  line  nesting  structure  with  line  densities  of  10"  cm~ 2 
are  formed  in  the  CdTe/GaAs  interface,3'’  due  to  the  lattice 
mismatch.  However,  the  dislocation  line  density  reduces 
gradually  as  the  film  grows  thicker.  In  the  near-surface  re¬ 
gion  (  =  100  nm)  of  the  overlayer  of  thickness  of  a  few  mi¬ 
crometers  the  dislocation  line  density  is  of  the  same  order  of 
magnitude  as  in  GaAs  wafers. 

We  have  grown  CdTe  overlayers’ 1  of  thicknesses  from  2 
to  4  /rm  on  n-type  GaAs  (100)  substrates  [oriented  2” 
towards  (110)'.  Since  the  growth  time  required  for  these 
films  would  have  been  discouragingly  long  by  ALE  alone  a 
layer  of  1-3  n m  was  first  deposited  by  MBE  at  the  rate  of 
0.5-1  n m/h,  after  which  the  growth  was  continued  by  ALE 
at  a  net  rate  of  0.2  fi m/h.  Figure  10  compares  LEED  pat- 
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FIG.  10.  LEED  patterns  (a)  for  a  GaAs  (100)  substrate  after  heating  at 
850  K  f  no  Ar '  ton  bombardment )  and  (b)  for  a  3.3-^m  CdTe  ( 100)  film 
grown  on  this  substrate  at  Tt,  -  570  K  Primary  beam  energy  =  45  eV. 


terns  for  a  GaAs  ( 100)  substrate  and  a  3.3-/um  CdTe  over- 
layer.  In  this  example  growth  has  occurred  in  the  ( 100)  di¬ 
rection,  as  indicated  by  LEED  and  by  a  x-ray  diffraction 
curve  shown  in  Fig.  11.  Furthermore,  a  scanning  electron 
micrograph  (SEM)  ofthe  film  ofFig.  1 0  ( sec  log  11  (shows 
that  the  surface  is  smooth  under  medium  magnification  and 
comparable  to  that  obtained  usually  by  MBE.  A  multipoint 
AES  analysis  indicates  that  the  film  is  uniform  and  stoichio¬ 
metric  all  over  the  film  area  (of  about  0.5  cm;),  being  repro¬ 
ducible  to  within  a  few  parts  per  thousand. 

2.  Cadmium  manganese  telluride,  Cd,  rMnx  Te 

This  solid  solution  is  a  diluted  magnetic  semiconductor, 
also  known  as  a  semimagnetic  semiconductor,  whose  stiblat  - 
tice  is  partly  made  up  of  the  substitutional  magnetic  tons.  Its 
ternary  nature  permits  one  to  vary  the  energy  gap,  the  effec¬ 
tive  mass,  the  lattice  constant,  and  other  physical  param¬ 
eters  by  alloying  Mn.4JJS  It  has  interesting  magnetic,  opti¬ 
cal,  and  magneto-optical  properties,4'1  for  example,  a  giant 
Zeeman  splitting47  with  exotic  consequences.41' 

Manganese  is  an  incongruently  evaporating  dement 
having  a  low  vapor  pressure  of  1.8  X  10'  14  Pa.  compared  to 
1 .3  Pa  for  Cd  and  8.3  X  1 0  ~  ’  Pa  for  Te,  at  Tt,  =  540  K .  One 
might  therefore  expect  it  to  be  impossible  to  make  use  of 
ALE  variant  (i).  This  problem  has  been  circumvented  by 


o) 


FIG-  11  (a)  Scanning  electron  micrograph, 
(b:  AES  spectrum,  and  (c)  x-ray  diffraction  for 
a  3  3yzm  CdTe  (100)  overlay  cron  GaAs  (  1 00 ' 
ofFig.  10 
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FIG.  12.  X-ray  photoelectron  spectra  (a)  for  a 
Cd^,-.  Mno  ,Te  (111)  overlayer  and  (b)  foraCdTe  (111) 
overlayer.  The  inset  shows  precision  measurements  for 
the  Mn  Ip  core  level  emission  from  Cdo ,  Mn^, ,  Te  and 
from  a  metallic  Mn  overlayer  grown  on  this  compound 
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careful  control  of  the  amount  of  Mn  during  deposition.  Two 
different  methods  were  used”: 

(a)  The  pulsed  beams  of  Cd  and  Mn  were  generated 
simultaneously  by  opening  and  closing  the  effusion  cell  shut¬ 
ters  at  the  same  time,  with  the  relative  Cd  and  Mn  beam 
intensities  set  at  a  fixed  value  (e.g.,  10:1 ); 

(b)  The  beam  intensities  of  Cd  and  Mn  were  equalized 
but  the  duration  of  theCd  pulse  was  made  much  longer  than 
that  of  the  Mn  pulse  (eg.,  by  a  factor  of  10). 

It  is  then  clear  that  the  mole  fraction  x  is  determined  by  the 
intensity  and  the  length  of  duration  of  the  Mn  pulse.  An 
interesting  feature  in  this  stepwise  growth  is  that  when  the 
Mn  pulse  is  adjusted  to  produce  a  coverage  less  than  one  full 
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atomic  layer,  a  fixed  value  of  x  <  1  is  always  obtained  per 
cycle;  excessively  arriving  Cd  and  Te2  or  variations  in  these 
fluxes  (within  certain  limits)  do  not  alter  jt  On  the  contrary. 
MBE-type  evaporation  results  in  continuous  layer  growth  x 
being  determined  by  the  relative  concentration  of  Mn,  Cd, 
and  Te,  in  the  vapor  phase  near  the  sample  surface;  any 
variation  in  the  beam  fluxes  is  reflected  in  x  We  should  note, 
however,  that  this  particular  ALE  variant  cannot  be  used  to 
grow  any  larger  film  than  that  obtained  by  MBE  because  the 
opening  of  the  cones  of  molecular  beams  is  limited  by  geo¬ 
metric  factors  similarly  to  ALE  and  MBE. 

Cd,  ,  Mn,Te  films  with  x  ranging  from  0  to  0.9  have 
been  successfully  grown  by  ALE  on  CdTe  (111  )B  substrates 
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at  Tt,  =  540  K  22  The  pulse  length  was  varied  in  different 
experiments  from  10  to  20  s  for  Cd  and  Te2  and  from  2  to  20s 
for  Mn.  The  beam  intensities  were  chosen  to  correspond  to 
the  deposition  rates  of  0.05-0.10  nm/s  for  Cd  and  Te,  and 
0.01  -0.04  nm/s  for  Mn.  In  all  cases  less  than  a  monolayer  of 
Mn  was  deposited  in  each  cycle. 

The  Cd  i  t  Mn,  Te  films  were  found  to  retain  essentially 
their  zinc-blende  structure  up  to  at  least  jc  =  0.9,  in  sharp 
contrast  to  bulklike  crystals.  We  would  like  to  note  in  this 
context  that  even  pure  MnTe  overlayers  of  a  zinc-blende 
form,  when  grown  on  appropriate  substrates,  are  conceiv¬ 
able  Furdyna4'4  suggested  that  there  exist  well  lattice- 
matched  substrates,  such  as  Cd0  tJ  Zn0  ,,Te  and 
InSb0  77  P02,  on  which  MnTe  of  the  zinc-blende  structure 
might  be  anchored. 

Little  work  has  been  done  so  far  on  spatial  distribution 
of  magnetic  ions  of  semimagnetic  semiconductor  films.  One 
way  of  studying  this  question  is  to  measure  x-ray  photoelec¬ 
tron  spectra  of  the  films.  Figure  12  shows  MgAfa-XPS  of 
pure  CdTe  (111)  and  Cdo  7  Mn<,  j  Te(  1 1 1 )  grown  on  CdTe 
( 1 1 1 )  B.  It  can  be  seen  that  upon  alloying  Mn  a  large  reduc¬ 
tion  in  relative  intensity  of  the  Cd  3ev2  ,/2  doublet  occurs 
and  the  Mn  2p,/2  v2  lines  appear.  High-precision  measure¬ 
ments  shown  in  the  inset  of  Fig.  12,  where  XPS  spectra  of  the 
Cd<,  7  Mn<)  j  Te  overlayer  and  a  2-nm  metallic  Mn  overlayer 
deposited  onto  the  Cdo  7  Mn^j  Te  are  compared  with  each 
other,  provide  closer  insight  into  substitutional  disorder  of 
the  sublattice.  The  chemical  shift  of  2.6  eV  of  the  leading  Mn 
2p,/2  peak,  the  line  broadening,  the  presence  of  a  satellite 
structure,  and  the  absence  of  a  metallic  Mn  signal  in  the 
compound  spectrum  provide  evidence  that  manganese  is  in¬ 
deed  a  constituent  of  random  Cd„  ,Mn0,Te  with  no  signifi¬ 
cant  metallic  clusters. 

A  LEED  pattern  for  an  ALE-grown  Cdo82  Mn<,  ,„Te 
(111)  epilayer  of  30-nm  thickness  on  CdTe  ( 1 1 1 )  is  shown 
in  Fig  13.  The  surface  is  well  ordered,  exhibiting  sharp 
(lXl)  LEED  spots  with  low  background  intensity. 

Figure  1 4  shows  a  schematic  real-space  energy  band  dia¬ 
gram  of  an  ALE-grown  unintentionally  doped  CdTe- 
Cd<> 6  Mn,, ,  Te  (111)  multiquantum-well  heterostructure. 
Electronic  valence-band  features  of  these  two  component 
layers  were  studied  by  measuring  angle-resolved  UV  photoe¬ 
mission.  Apart  from  differences  in  details  of  emission  from 
the  valence  bands  no  measurable  valence-band  offset  was 
observed  on  alloying  Mn  (for  determining  band  off-sets  by 
electron  spectroscopy,  see  e.g.,  Ref.  50).  Thus  the  difference 


HG  13  LEED  pattern  of  a  30-nm  Cd^  Mix,  fllTr  ( J 1 1 1  film  deposited 
onto  a  37-nm  (111)  buffer  layer  on  CdTe 
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FIG  14.  Schematic  real-space  energy  band  diagram  of  a  Cd,lf.Mn  .  k 
CdTe  muitiquantum-well  hetcrosiructure  grown  b>  ALT  '.upper  panel) 
The  valence-band  maximum  fVBM)  remains  unaffected  on  alloying  Mn  i  - 
within  an  experimental  accuracy  of  50  meV  investigated  by  angle- resolved 
photoemission;  the  difference  in  band  gaps  influences  the  conduction-band 
minimum  (CBM)  alone  The  lower  panel  shows  a  study  of  the  interface  a 
the  position  indicated  by  the  vertical  line  This  study  was  based  on  measure¬ 
ments  of  the  peak-to-peak  intensity  ratios  of  Cd  JfVV.  Mn  LSiSi.  and  fc 
MSN  Auger  transitions.  j  -  and  R  -  /M  -7,,  The  solid 

curves  are  calculated  assuming  that  the  interface  is  sharp  and  grow  t  h  occurs 
in  a  layer-by-layer  fashion,  one  molecular  layer  per  cycle 


in  the  band  gap  Eg  at  the  interface  affects  only  the  conduc¬ 
tion-band  minimum,  as  illustrated  in  Fig.  14 

The  CdTe/Cd06Mn0,Te  (111)  interface  was  studied 
in  a  nondestructive  way  by  combining  the  ALE  and  AF.b 
techniques.  Very  thin  overlayers  of  CdTe  were  deposited 
onto  Cdo  6  Mno«Te,  and  Mn  LMM,  Cd  MNN.  andTc.Vf  V.V 
AES  signals  were  measured  at  room  as  a  function  of  over 
layer  thickness.  The  results  are  shown  and  compared  with 
theoretical  estimates  for  relative  signal  intensities  in  Fig  14 
The  solid  curves  represent  the  calculated  behavior  of  Cd 
MNN  and  Mn  LMM  peak-to-peak  intensities  relative  to  Tv 
MNN  peak-to-peai.  intensity,  R  ^  =  /Cd  // Tt  and 
R  M„  =  /M„ //Tr .  respectively,  on  the  assumption  that  the 
junction  is  sharp.  In  other  words,  no  interdiffusion  of  Mn  or 
other  grading  effects  arc  assumed  to  occur  in  the  interface 
region.  Furthermore,  (he  well-known  law  of  exponential  de¬ 
cay  of  low-energy  electron  signals  in  solids  was  applied  The 
inelastic  mean  free  paths  of  Cd  MNN  and  Mn  LMM  elec¬ 
trons  were  taken  to  be  1.4  and  1  9nm,  respectively  Judging 
from  the  measured  and  calculated  behavior  of  the  intensity 
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ratios  one  may  conclude  that  the  interface  is  extremely 
sharp,  possibly  of  an  order  of  atomic  diameter.  For  compari¬ 
son,  by  the  standard  AES-ion  milling  technique51  the  inter¬ 
face  region  of  MBE-grown  CdTe/Cd,  _  ,  Mn,  Te  hetero¬ 
junctions  with  x  ranging  from  0.20  to  0.53  has  been  found  to 
be  as  large  as  10  nm.  Such  a  graded  junction  is  an  artifact 
which  arises  from  an  intermixing  and  cratering  of  the  junc¬ 
tion  region  during  ion  bombardment. 

3.  Gallium  arsenide,  GaAs 

Nishizawa  el  al.'>  "  have  described  the  growth  of  GaAs 
using  ALE  variant  (ii).  Trimethyl  gallium  (TMG)  and 
AsH,  were  cycled  alternately  over  a  single-crystal  substrate, 
using  the  reaction 

Ga(CH,)3  +  AsH,— GaAs  -+•  3CH„. 

The  apparatus  used  is  shown  in  Fig.  1 5.  Arsine  was  admitted 
at  a  pressure  of  10' 4-10'5  Pa  for  times  of  2-200  s,  then 
evacuated.  A  standard  cycle  of  AsH  ,  20s,  evacuated  for  3s, 
TMG  4  s,  evacuated  for  3  s  (20,  3,  4,  3)  was  adopted  (see 
Fig  16).  AsH,  pressure  was  usually  7x  10 ' 1  Pa,  TMG  ad¬ 
mittance  was  varied.  It  was  found  possible  to  obtain  ALE 
growth  at  temperatures  between  720  and  970  K. 

The  thickness  of  deposit  grown  per  cycle  d  varied  quite 
markedly  with  the  amount  of  TMG  admitted  to  the  appara¬ 
tus  in  each  cycle.  From  the  initial  brief  publication"  d  satu¬ 
rated  at  about  0.55  nm  for  Tfr  =  870  K,  as  shown  in  Fig.  1 7. 
This  corresponds  to  about  two  layers  of  GaAs  per  cycle  on 
( 1 00 ) .  As  would  be  expected  for  the  ALE  mode  of  growth,  d 
remained  constant  over  large  numbers  of  cycles,  as  shown  in 
Fig.  18  which  corresponds  to  a  TMG  dosage  of  about  10 ' ; 
Pa  1  /s,  and  a  d  value  of  0.4  nm.  While  the  constancy  appears 
to  confirm  that  ALE  does  occur,  the  variation  of  d  with  the 
amount  of  TMG  admitted  per  cycle  must  presumably  indi¬ 
cate  that  even  an  incomplete  coverage  can  lead  to  growth  in 
the  ALE  mode,  while,  as  already  noted,  sufficient  TMG  can 
allow  up  to  two  GaAs  ( 100)  layers  to  form  per  cycle  even 
though  this  is  not  too  readily  explained  on  the  simple  theory 
presented  in  Sec.  III.  In  their  later  work  Nishizawa  el  al.’’ 
found  much  smaller  d  values  by  lowering  the  growth  tem- 
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FIG  15.  Schematic  drawing  of  equipment  for  atomic  layer  epitaxy  of 
Ga  AS." 1  Lights  l  and  2  are  for  photoexcitation  (see  text ) .  The  lamp  is  for 
heating  the  substrate  ( QMS  stands  for  a  quad ru pole  mass  spectrometer  l 
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FIG.  16.  Gas  pressure  ingrowth  chamber  of  Fig.  13  during  standard  ALE 
cycles  (20,  3,  4.  3  s). 


peratures  and  increasing  the  TMG  dosage.  At  Tt,  =  770  K, 
d  was  found  to  saturate  at  a  value  very  slightly  below  the 
0.283-nm  characteristic  of  a  true  monolayer  of  GaAs  on 
( 100);  i.e.,  the  simple  ALE  growth  model  was  well  obeyed. 

One  problem  with  the  reaction  between  TMG  and  AsH , 
is  that  its  rate  falls  off  rapidly  below  870  K  apparently  be¬ 
cause  of  the  energy  required  to  dissociate  arsine.  Ni¬ 
shizawa'2  showed  that  it  was  possible  to  use  UV  radiation 
from  a  high-pressure  Hg  lamp  or  an  excimer  laser  to  alleviate 
this  source  of  difficulty.  Growth  could  be  obtained  down  to 
temperatures  as  low  as  560  K.  This  appears  to  be  a  true 
enhancement  of  reaction  by  the  radiation,  and  not  an  effect 
due  to  heating — any  temperature  rise  of  the  substrate  caused 
by  the  radiation  would  be  no  more  than  about  1  K.  It  was 
also  found  that  below  870  K  the  growth  thickness  per  cycle 
decreased  quite  sharply  for  constant  TMG  dosage.  Even  at 
very  low  d  values,  however,  a  constant  growth  per  cycle  was 
maintained. 

Some  electrical  results  have  been  quoted  by  Nishizawa 
et  a! .*  The  films  produced  at  low  temperatures,  —620  K, 
were  p  type,  with  hole  concentrations  of  the  order  of  1 0 1 0 
cm  ~ This  high  defect  concentration  was  attributed  to  the 
incorporation  of  carbon.  Some  improvement  on  this  was  ob¬ 
tained  by  using  triethyl  gallium,  (TEG)  which  still  gave p- 
type  material  but  with  carrier  concentration  of  the  order  of 
101*  cm  "  \  Most  recently,  Nishizawa52  reported  on  carrier 
concentrations  below  the  10"  cm'5  level.  No  results  have 
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FIG  1 7  Thickness  per  cycle  of  GaAs  as  a  function  of  TMG  admittance 
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FIG.  18.  Thickness  of  GaAs  grown  at  870  K  vs  number  of  ALE  cycles  (20, 
1.4,  I  s). 
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been  reported  for  material  grown  at  higher  temperatures,  or 
from  higher  alkyls  e.g.  tri-isobutyl  gallium,  either  (or  both ) 
of  which  might  lead  to  still  lower  carbon  incorporation. 

Usui  and  Sunakawa10  at  Nippon  Electric  Corp.,  Japan, 
have  also  prepared  GaAs  by  ALE.  They  employed  a  dual 
growth  chamber  reactor  in  hydride  vapor-phase  epitaxy. 
The  principle  of  his  growth  system  is  illustrated  in  Fig.  19. 
The  substrate  was  exposed  alternately  to  GaCl  and  As,  by 
switching  its  position  between  the  two  chambers  (the  AsH, 
vapor  stream  was  interrupted  during  the  substrate  transfer ) . 
The  period  of  the  cycle  was  60  s  but  considerably  shorter 
cycles  could  also  be  applied. 

The  growth  thickness  per  cycle  for  several  substrate  sur¬ 
faces  was  studied  as  a  function  ofHCI(Ga)  flow  rate  at  Tt, 
of  820  K.  The  d  values  thus  obtained  remained  almost  con¬ 
stant  independent  of  the  flow  rate  in  the  range  from  1  to  5 
cmVmin  and  closely  corresponded  to  the  thickness  of  a 
monolayer  on  each  surface  (see  Fig.  20). 

The  films  were  monocrystalline,  as  revealed  by  reflec¬ 
tion  high-energy  electron  diffraction  (RHEED)  measure¬ 
ments,  with  completely  mirrorlike  surfaces  (Fig.  21).  No 
oval  defects  typical  of  MBE-grown  GaAs  were  present.  Fur¬ 
thermore,  it  is  believed  that  ALE  growth  reduces  the  num¬ 
ber  of  EL2  deep  traps,  but  this  has  not  yet  been  demonstrat¬ 
ed. 

Of  particular  importance  was  the  observation"’  that  se¬ 
lective  growth  at  windows  of  SiO,  masks  on  GaAs  did  not 
show  any  significant  enhancement  in  d.  This  result  implies 
that  ALE  might  be  suitable  for  selective  epitaxy. 

It  is  also  interesting  to  note  that  preparations  for  growth 
oflll-V  mixed  crystals  by  ALE  are  under  way  at  NEC.  Pre¬ 
liminary  results  on  InGaP  have  already  been  obtained.  They 
are  found  to  be  very  encouraging. 111 

ALE  growth  of  GaAs  and  AlAs  from  metalorganic 
(TMG  and  TMA,  respectively)  and  hydride  sources  has 


FIG.  20.  Growth  rate  per  cycle  for  GaAs  overlayers  as  a  function  of  flow 
rate  of  HCl.  Tv  =  820  K  (figure  courtesy  of  A.  Usui ) 


a) 


H2,  AsH3 
H2,  HCl 


_r 


AS4  ==>jj=== 
,GQCf 


SURFACE  PHOTOMICROGRAPH 

b) 


FIG.  19.  Schematic  diagram  of  the  dual  growth  chamber  reactor  used  for 
ALE  growth  of  GaAs  The  substrate  is  alternated  exposed  to  the  two 
reactants  (figure  courtesy  of  A  I'xui). 


FIG.  21.  (a)  Photograph  of  a  GaAs  ( 100)  film  grown  by  ALE.1"  (b)  Scan¬ 
ning  electron  micrograph  of  the  film  exhibiting  no  oval  defects  ( figure  cour¬ 
tesy  of  A  I'suit 
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FIG.  22.  Schematic  diagram  of  the  growth  chamber  and  susceptor  of  ALE 
( Ref.  53)  for  preparing  GaAs  and  AlAs.  The  susceptor  consists  of  a  fixed 
part,  a  rotating  part,  and  a  recess  (in  the  rotating  part)  which  holds  the 
substrate.  The  H2  flow  in  the  middle  tube  helps  prevent  mixing  of  the  reac¬ 
tants. 


been  reported  by  Bedair  el  a/.51  Their  growth  chamber  (see 
Fig.  22)  has  a  simple,  ingeniously  designed  structure  which 
may  permit  one  to  grow  several  samples  at  the  same  time  in  a 
cyclic  fashion.  The  susceptor  incorporates  a  shuttering  ac¬ 
tion  which  allows  successive  exposure  to  streams  of  gases 
from  two  sources,  viz.,  from  AsH ,  +  H 2  and  TMG  +  H2  for 
growth  of  GaAs,  or  AsH,  +  H,  and  TMA  +  H2  for  growth 
of  AlAs.  A  large  flow  of  H2  in  the  middle  tube  is  designed  to 
prevent  mixing  of  the  reaction  gases  from  the  adjacent  tubes. 
When  the  substrate  is  routed  away  from  the  growth  (win¬ 
dow  )  position  by  a  routing  part,  most  of  the  boundary  layer 
will  be  sheared  off  by  a  fixed  plate  placed  above  the  rotating 
part  faciliuting  an  almost  immediate  termination  of  expo¬ 
sure  of  the  substrate  to  the  input  flux.  In  the  experiments, 
one  complete  cycle  was  performed  in  about  10  s;  Tv  for 
growth  of  GaAs  and  AlAs  was  in  the  range  from  830  to  870 
K.. 

The  GaAs  and  AlAs  overlayers  prepared  in  this  way  on 
GaAs  ( 100)  substrates  were  single  crystals,  as  deduced  from 
transmission  electron  micrographs.  Photoluminescence 
measured  at  77  K  of  100  cycles  of  ALE-grown  GaAs  sand¬ 
wiched  between  layers  of  MOCVD-grown  GaAsoq,P0o3 
showed  a  full  width  at  half-maximum  of  1 1  meV,  indicating 
that  the  sample  was  of  a  good  electrical  quality. 

B.  Polycry  stalllna  and  amorphous  deposits 

Most  of  the  published  papers  on  ALE  are  concerned 
with  polycrystalline  and  amorphous  deposits.  These  arise 
mainly  from  the  use  of  amorphous  substrates.  In  part,  poor 
crystal  structure  may  be  due  to  carrying  out  deposition  at 
temperatures  that  are  only  a  small  fraction  of  the  absolute 
melting  point  of  the  material  concerned,  so  that  surface  mo¬ 
bility  of  adsorbed  species  would  be  small  or  negligible.  It  is 
possible  that  many  materials  in  this  section  could  be  grown 


as  epitaxial  layers  if  single-crystal  substrates  and  higher 
growth  temperatures  were  used. 

The  various  materials  grown  as  polycrystalline  or  amor¬ 
phous  films  using  ALE  cycling  will  be  listed  in  turn. 

1.  Zinc  sulfide 

This  is  the  most  widely  studied  material  for  ac  EL  thin- 
lil in  displays.  The  growth  and  properties  of  thin  films  of  ZnS 
and  /nS  Mn  lain icaieil  by  ALU  variant  ( n )  have  been  the 
subject  of  many  investigations  (see,  for  example,  Refs.  2,  54- 
63.  Either  zinc  chloride  and  hydrogen  sulfide  via  the  sequen¬ 
tial  exchange  reaction: 

ZnCL  +  H,S— ZnS  +  2HC1(600  <  Ttr  <800K),  (1) 

or  anhydrous  zinc  acetate  and  hydrogen  sulfide54  via  the 
reaction 

Zn(CH,COO)j  +  H,S 

—ZnS  +  2CH  ,COOH  ( 520  <  T„  <  620  K )  ( 2 ) 

can  be  used.  The  occurrence  of  reaction  ( 1 )  was  demonstrat¬ 
ed  by  straightforward  in  situ  AES  measurements4  (see  Fig. 
23).  The  spectra  shown  were  taken  for  a  glass  substrate 
which  was  exposed  alternately  to  pulses  of  ZnCl2  and  H2S 
under  UH  V  conditions.  The  reactions  were  found  to  leave  no 
traces  of  Cl  or  other  impurities  within  the  detection  limit  of 
AES.  By  contrast,  ZnS  grown  in  a  gas-flow  reactor  of  Fig.  4 
from  the  same  reactants  exhibits  traces  of  Cl  and  C. 

Tammenmaa  el  a/.54  used  reaction  (2)  to  grow  ZnS  on 
glass.  The  maximum  growth  rate  achieved  was  0.26  nm  per 
cycle,  which  corresponds  to  6/7  of  the  lattice  spacing  of 
0.312  nm  in  the  preferential  (111)  growth  direction.  They 
proposed  that  Zn(CH,COO)2  forms  multinuclear  com¬ 
pounds  in  the  vapor  phase.  Chemisorption  of  these  species 
on  the  substrate  surface  leads  to  high  coverages  and,  accord¬ 
ingly,  to  the  relatively  high  growth  rate  observed. 
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FIG.  23.  Auger  electron  spectra  showing  an  occurrence  of  stepwise  growth 
of  a  ZnS  film  on  a  glass  substrate  via  surface  exchange  reactions.  The  spectra 
were  taken  at  twe  mccessive  phases  of  a  deposition  cycle.  The  wide-range 
scan  ( 100- 1 100 eV )  in  the  middle  was  recorded  after  exposing  the  substrate 
to  a  ZnClj  pulse;  Cl  is  chemisorbed  on  the  surface  as  indicated  by  the  ap¬ 
pearance  of  the  Cl  AES  peak.  The  uppermost  spectrum  ( 100-200  eV )  on 
the  right-hand  side  shows  the  absence  of  Cl  after  a  pulse  of  H2S  which  com¬ 
pletes  the  cycle,  yielding  a  growth  of  a  ZnS  molecular  layer.  Oxygen  and 
boron  signals  originate  from  the  glasa  substrate. 
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Tammenmaa  et  al'4  have  also  carried  out  doping  ex¬ 
periments  in  connection  with  growth  of  ZnS  via  reaction 
(2 ),  using  volatile  complexes  of  Eu,  Tb.  and  Tm.  Photolu¬ 
minescence  measurements  at  room  temperature  showed  that 
Tb '  '  ions  gave  a  clear  PL  spectrum  with  green  emission 
peaking  at  a  wavelength  of  547  nm  Intensity  was  found  to 
increase  with  Tb  concentration  up  to  1.5  at.  %.  In  compari¬ 
son  with  the  yellowish-orange  emission  (peaking  alT;s580 
nm)  from  Mn  1 \  the  most  common  activator  in  ZnS,  emis¬ 
sion  from  Tb’ '  was  very  small. 

The  microstructure  of  ALE  samples  from  Lohja,  ob¬ 
served  by  the  TEM  technique  exhibited  no  fine-grained  re¬ 
gion  at  any  thickness.64  Fig.  24  shows  a  typical  cross  section 
of  ZnS  layers  deposited  onto  amorphous  AKO,  Very  pro¬ 
nounced  columnar  grain  growth  occurred  with  many  grains 
extending  from  the  bottom  to  the  top  of  the  layer.  Selected 
area  x-ray  diffraction  curves51''5*  showed  that  the  films  had  a 
cubic  or  hexagonal  polytype  structure  for  growth  in  the  tem¬ 
perature  range  from  300  to  570  K.  The  specific  orientations 
were  (111)  for  the  cubic  structure  and  (00.2)  for  the  hexag¬ 
onal  structure  which  consisted  predominantly  of  a  2H  phase. 
The  hexagonality  increased  remarkably  in  the  range  from 
630  to  770  K.  The  degree  of  preferred  orientation  of  micro¬ 
crystallites  at  TgI  =  770  K  was  so  high  that  one-half  of  the 
(00.2)  poles  were  aligned  within  7”  of  the  substrate  normal. 

The  substrate  material  was  also  found  to  influence  the 
texture.  The  highest  degree  of  orientation  was  obtained  with 
films  deposited  onto  a  amorphous  Ta20,  (or  A12Oj)  buffer 
layer  of  thickness  of  about  50  nm  grown  on  a  glass  substrate. 
Insertion  of  a  microcrystalline  Sn02  layer  between  the  glass 
and  the  Ta20,  (or  A120,)  caused  some  reduction  in  the  de¬ 
gree  of  preferred  orientation 

The  crystallite  size  varied  as  a  function  of  film  thickness. 
Typically,  for  films  thicker  than  200  nm  prepared  at 
Tt,  =  770  K,  the  length  of  coherently  diffracting  domains  in 
the  direction  normal  to  the  surface  ranged  from  40  to  120  nm 
with  a  size  distribution  maximum  at  100  nm.  It  is 
noteworthy  that  the  mean  grain  diameter  parallel  to  the  film 
plane  seen  by  TEM  (Fig.  24)  was  also  about  100  nm.  This 
agreement  between  x-ray  diffraction  and  TEM  suggests  that 
the  columnar  grains  are  made  up  of  single  crystals  mainly  of 
a  hexagonal  structure  with  preferential  (00.2)  orientation 
obtained  at  high  T„ . 

ZnS  films  grown  from  zinc  acetate  at  Tt,  =  560-650  K 


FIG  24.  Transmission  electron  micrographs  of  ZnS.Mn  films  grown  on 
amorphous  Al,0,  by  ALE  at  Lohja  Corp  ( a )  Corning  70S*)  glass  substrate, 
(b)  soda  lime  glass  substrate. 


FIG.  25.  Half-page  malnx  display  module  for  personal  computers  Un¬ 
tight-emitting  layer  of  ZnS:Mn  is  sandwiched  bclween  two  dielectric  lav  v-i  s 
of  mixed  AI;0,-TiO:  grown  by  ALE.  The  transparent  from  electrode  is 
ITO  made  by  sputtering.  The  back  electrode  can  be  either  1 10  or  alutni 
sum.  The  structure  is  protected  by  a  passivation  layer  ol  A1,0„  black  print¬ 
ing  is  applied  on  top  of  the  passivation  layer  to  increase  contrast 


exhibited  the  average  cry  stallite  sizes  of  40-80  nm.  depend¬ 
ing  on  the  film  thickness.'1'  Eleetroreflectancc  studies'  indi¬ 
cated  that  two  crystal  phases,  cubic  and  hexagonal,  coexist 
in  these  films  with  the  cubic  structure  predominating  at  the 
lower  end  of  the  f,r  range. 

It  is  thus  concluded  that  crystal  structure  of  ZnS  films 
depends  both  on  growth  temperature  and  on  source  materi¬ 
als.  The  substrate  has  also  an  influence  on  the  specific  orien¬ 
tation  of  crystallites. 

The  dislocation  density  in  ZnS  films  grown  at  770  K  w  as 
found5*  to  be  about  1 010  cm  " 2.  This  is  an  order  of  magnit  ude 
lower  than  the  dislocation  density  in  ZnS  grown  by  electron 
beam  evaporation.6" 

The  ZnS:Mn  films  used  by  Lohja  in  their  ac  thin-film 
EL  displays  (see  Fig.  25)  exhibit  a  maximum  luminance  of 
3000  cd/m2  at  1  kHz.  An  EL  external  efficiency  of  about  2 
im/W  obtained  at  I  kHz  has  been  observed  '*  At  very  high 
frequencies  the  external  efficiency  may  rise  up  to  8  Im/W 
which  is  probably  the  highest  efficiency  attained  for  active 
layers  of  ZnS  Mn  grown  by  any  technique.  These  displays 
also  require  the  introduction  of  dielectric  layers,  eg.,  AljO„ 
again  grown  by  ALE.  Uniform  pinhole-free  deposits  of  ZnS 
and  dielectric  layer  materials  can  be  obtained  over  very  large 
areas — 250  X  150  mm2  glass  substrates  are  routinely  used  at 
Lohja. 


2.  Zinc  tellurld* 

ZnTe  films  grown  from  elemental  Zn  and  Te  exhibit 
smooth  and  featureless  surfaces.  X-ray  diffraction  measure¬ 
ments  revealed  that  the  films  tended  to  crystallize  preferen¬ 
tially  in  Ihe  ( 11 1 )  direction.'  An  interesting  observation  ix 
that  in  a  comparison  of  x-ray  diffraction  curves  of  the  films 
grown  in  UHV  by  MBE  and  ALE  as  a  function  of  7|f ,  the 
ALE-grown  films  show  a  weaker  temperature  dependence 
of  the  texture  than  those  grown  by  MBE.  That  reasonably 
close  control  of  stoichiometry  was  maintained  during  ALE 
growth  could  be  deduced  from  XPS  and  AES  spectra 4 
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3.  Oxk fee 

Zinc  acetate  and  water  vapor  have  been  used  as  reac¬ 
tants  for  growing  ZnO. 54,59  The  following  reaction  appeared 
to  hold: 

Zn(CH,COO),  +  H20 

-ZnO  +  CH,COOH  (560<  Tt,  <630  K).  (3) 

The  growth  rate  was  typically  60  nm/h,  and  thus  one-fifth  of 
the  growth  rate  observed  in  most  cases  for  ZnS.  X-ray  dif¬ 
fraction  revealed  that  the  ZnO  films  were  of  rather  poor 
crystallinity.  Presumably  this  was  because  ZnO  is  a  more 
refractory  material  than  ZnS,  so  that  the  surface  mobility  of 
atoms  at  600  K  would  be  rather  small  (see  comments  at 
beginning  of  Sec.  IV). 

Growth  of  Ta.O,  by  ALE  variant  (ii)  has  been  realized 
via  the  reaction 

2TaCl,  +  5H,0— Ta.O,  +  10HC1  ( T„  =  770  K ) .  (4) 
That  this  exchange  reaction  in  fact  occurs  has  been  demon¬ 
strated  by  in  situ  AES  measurements4  of  a  substrate  which 
was  exposed  alternately  to  vapor  pulses  of  TaCI,  and  H.O 
Cl  was  seen  in  AES  after  each  pulse  of  TaCI,  but  was  always 
removed  by  a  subsequent  pulse  of  H,0  Ta;0,  layers  are 
amorphous  ( again  l  a  .O,  is  a  refractory  material  with  a  very 
high  melting  point ) .  It  should  be  noted  that  the  extremely 
low  vapor  pressure  of  Ta  at  770  K  would  prevent  ALE  var¬ 
iant  (i)  being  employed. 

Amorphous  layers  of  ALO,  are  grown  from  anhydrous 
A1CI ,  and  water  vapor  at  Tt,  ~  720  K.  They  are  pinhole-free 
and  can  therefore  be  used  as  an  ion  barrier  and  dielectric  and 
passivation  layers  in  EL  devices.  Although  ALO,  has  a  rea¬ 
sonable  dielectric  strength  by  itself,  essential  improvement 
has  been  achieved  using  a  mixture  of  A120,  and  Ti02,  pre¬ 
pared  by  ALE.  Sn02  films  are  grown  from  SnCI4  and  water 
vapor.  They  are  noted  as  exhibiting  some  weak  x-ray  diffrac¬ 
tion  peaks,  and  so  are  not  completely  amorphous. 

Work  is  also  being  done  at  Lohja67  on  indium  tin  oxide 
(ITO)  used  as  a  transparent  conductor  in  displays.  Resistiv¬ 
ity  of  1.6  x  I0~4  fl  cm,  with  transmission  of  more  than  80% 
has  been  reproducibly  demonstrated  over  a  large  substrate 
area. 

V.  THE  EXTENSION  OF  ALE  TO  OTHER  MATERIALS 

In  principle  it  should  be  possible  to  extend  ALE  to  a 
w  ide  range  of  materials,  even  those  in  which  one  of  the  con¬ 
stituents  is  involatile,  since  there  appears  to  be  a  general  fam¬ 
ily  of  reactions  that  might  be  used  for  achieving  ALE  variant 
( ii ) .  These  can  be  summarized : 

Metal  halide  +  H20  or  oxygen— -Metal  oxide; 

Metal  halide  +  H2S  or  sulfur  vapor— -Metal  sulfide; 

Metal  halide  +  H2Se  or  selenium  vapor— -Metal  selenide. 

One  could  well  expect  that  closely  related  compounds  to 
those  discussed  in  the  preceding  section  (ZnCl2,  A1C1„ 
SnCl4,  and  TaCI,),  should  behave  in  very  much  the  same 
way,  for  example:  CdCl2,  HgCI2,  GaCl,,  InCl„  SiCl4,  GeC)4, 
ZrCl4,  NbCl„  and  also  other  transition  metal  halides,  e  g., 
FeCl,.  In  addition,  the  success  of  Nishizawa  and  Bedair  el  al. 
in  using  TMG,9"33  TEG,9"  and  TMA  (Ref.  53)  in  the 
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preparation  of  GaAs  and  AlAs  ( Ref.  53 )  suggests  that  meta- 
lorganics  generally  might  be  utilized  as  metal  sources.  Some 
caution  may  be  needed  here,  however,  not  so  much  on  ac¬ 
count  of  the  toxicity  and  pyrophoric  nature  of  metalorgan- 
ics,  but  with  regard  to  their  thermal  stability.  That  must  be 
sufficient  to  withstand  an  encounter  with  the  hot  substrate 
without  decomposition  in  order  that  desorption  of  physi- 
sorbed  material  would  occur. 

It  is  also  important  to  consider  the  second  reaction  com¬ 
ponent.  On  general  thermodynamic  grounds  oxygen  or  sul¬ 
fur  will  not  react  with  a  chemisorbed  halide  layer  at  so  low  a 
temperature  as  water  vapor  cr  H2S,  since  such  reaction 
would  require  greater  free  energy  for  the  halogen  to  be  given 
off  as  an  elemental  vapor  than  as  a  hydnde.  Since  there  is  a 
major  drive  with  electronic  materials  towards  the  use  of  the 
lowest  possible  temperature  for  material  preparation,  this 
could  favor  the  use  of  the  hydndes  rather  than  the  pure  ele¬ 
ments.  A  further  important  point  is  that  H.O,  H.S,  etc. 
greatly  resemble  H  ,N.  H  ,P,  H  ,As.  and,  as  Nishizawa's  work 
with  GaAs  has  shown,  it  should  be  possible  for  such  mole¬ 
cules  to  react  with  chemisorbed  metal  compounds  to  facili¬ 
tate  ALE  growth  of  nitrides,  phosphides,  arsenides,  etc  The 
first  successful  growth  of  phosphides  (InGaP)  has  already 
been  earned  out. 1,1 

It  should  also  be  possible  to  prepare  more  complex  ma¬ 
terials  than  the  relatively  simple  compounds  discussed  so 
far.  Ferrites  would  serve  as  an  example  to  illustrate  the 
point.  Nickel  zinc  ferrite  could  in  pnnciple  be  prepared  from 
NiCl2,  ZnCL.  and  FeCl,  or  manganese  ferrite  from  MnCI, 
and  FeCl.  The  magnetic  properties  of  ultrathin  films  of 
such  matenals  remain  essentially  unknown  and  would  war¬ 
rant  attention.  It  could,  for  example,  be  interesting  to  pre¬ 
pare  multilayer  structures  of  ferrites  combined  with  non¬ 
magnetic  analogues  in  order  to  obtain  direct  access  to  effects 
of  strain  and  “two-dimensionality"  on  magnetic  properties 
For  development  of  magnetic  properties,  layers  of  good  crys¬ 
tal  perfection  would  be  required.  In  order  to  obtain  them 
ALE  would  need  to  be  carried  out  on  a  substrate  held  at  high 
temperatures,  say,  0  5  of  the  melting  point.  In  the  case  of 
most  ferrites  this  might  be  1000  K  or  more.  No  experiments 
on  the  ALE  growth  of  oxides  at  such  high  temperatures  has 
yet  been  attempted. 

Finally  the  ALE  approach  ha.,  so  far  been  restricted  to 
compounds.  It  is  conceivable  that  elemental  materials,  e  g., 
silicon,  could  be  grown  via  chemisorption  of  a  monolayer  of, 
say,  a  chlorosilane  from  a  stream  of  argon,  followed  by 
reduction  of  the  chlorosilane  in  a  pulse  of  hydrogen. 

VI.  CONCLUSIONS 

Crystal  growth  in  the  ALE  mode,  whether  by  physical 
or  chemical  vupor  deposition,  is  necessarily  slow  because 
individual  layers  of  atoms  are  deposited  with  a  time  of  the 
order  of  one  second  being  required  for  each  layer.  Although 
it  seems  unlikjy  that  such  times  could  be  shortened  very 
significantly  there  are  advantages,  e.g.,  the  feasibility  of  de¬ 
positing  several  large-area  films  simultaneously,  which 
make  long  growth  times  acceptable. 

Where  ALE  might  offer  particularly  striking  advan¬ 
tages  is  in  the  growth  of  ultrathin  epilayers  under  precise 
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and,  almost,  automatic  control.  The  technique  gives  a 
“growth  per  cycle"  rather  than  a  growth  rate,  and  does  so  at 
relatively  low  temperatures.  It  therefore  should  enable  he¬ 
terojunctions  with  abrupt  interfaces,  quantum  well  struc¬ 
tures  and  superlattices  to  be  grown  without  the  need  for  the 
complex  and  costly  control  systems.  Additionally,  ALE  may 
provide  a  vehicle  for  investigating  fundamental  aspects  of 
compound  semiconductor  growth.  However,  it  still  remains 
to  be  demonstrated  that  the  perfection  of  structure  and  con¬ 
trol  of  impurities  and  stoichiometry  required  of  materials  for 
electronic  devices  can  in  fact  be  achieved. 

With  regard  to  polycrystalline  and  amorphous  materi¬ 
als,  the  ac  thin-film  EL  displays  made  by  the  Lohja  group 
have  demonstrated  unequivocally  that  ALE  can  be  used  to 
grow  highly  uniform  deposits  of  good  structural  integrity 
both  mechanically  and  dielectrically  speaking.  These  quali¬ 
ties  are  of  importance  in  many  other  fields,  too.  Application 
to  ternary  or  higher  compounds  could  also  prove  feasible, 
and  low-dimensional  magnetic  structures  might  eventually 
be  fabricated  by  ALE. 
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Re-evaporatiou  of  Cd  and  Te  from  CdTe(lll)  Surfaces  Monitored 
by  Auger  Electron  Spectroscopy 


Tlu*  mechanism  of  atomic  layer  epitaxy  (ALE)  of  cadmium  telluridc  has  been  studied. 
Auger  electron  spectroscopy  is  used  to  measure  the  isothermal  re-evaporation  rates  of 
elemental  CM  and  Te  deposits  on  the  (lll)A  and  (lll)B  surfaces  of  CMTe  substrates.  The 
results  include  an  observation  that  the  sticking  coefficients  of  CM  and  Te  are  smaller  than 
unity  at  the  growth  temperatures  typical  of  CMTe  ALE.  After  desorption  the  substrates 
are  left  partially  covered:  35%  by  a  CM  overlayer  on  the  (lll)B  surface  and  72%  by  Te 
on  the  (lll)A  surface.  The  re -evaporation  rates  of  (M  and  Te  experience  a  drastic  change 
near  the  substrate-deposit  interface.  These  rates  appear  two  orders  of  magnitude  smaller 
than  those  of  bulk-tike  amorphous  CM  and  Te  solids.  The  activation  energies  for  tv* 
evaporation  of  the  near-interface  layer  region  are  estimated  to  be:  1.5  eV  for  Te  on  the 
(111 ) A  face.  l.OeV  for  To  on  (lll)B  and  0.5  eV  for  (M  on  (lll)B.  It  has  also  been  shown 
that  AES  can  be  used  to  identify  the  polarity  of  the  (MTe(lll)  surfaces.  The  relative 
difference  ir.  jM*ak-to-peak  intensity  ratios  of  CM  MNX  to  Te  MXX  for  ( 1 1 1 ) A  ami  1 11)B 
is  <11  ±  2)%. 

1.  Introduction 

The  atomic  layer  epitaxy  (ALK)  method  has  been  developed  for  fabricating  largo- 
area  II— VI  compound  films  primarily  for  production  of  electroluminescent  displays 
(St'NTOLA,  Antson ;  Si  ntola  et  al.).  Recently,  ALK  was  shown  to  be  applicable  to 
grow  th  of  single  crystal  overlayers  of  1 1— VI  compounds  (Pkssa  et  al.  1983;  Pkssa; 
Pessa  et  al.  1984a;  Pkssa  et  al.  1984b;  H human  et  a!.)  and  even  GaAs,  a  I II— V  com¬ 
pound  (Xisiiizawa).  ALK  is  based  on  chemical  reactions  in  the  solid  surface  of 
a  substrate  to  which  the  reactants  are  alternate!}’  transported  as  neutral  molecular 
vapour  pulses  or  beam  bunches.  The  growth  rate  and  the  composition  of  a  layer  are 
controlled  by  the  growth  process  itself  because  they  are  largely  independent  on 
excess  incident  molecules  impinging  on  the  surface.  Accordingly,  no  thickness  moni¬ 
toring  is  needed.  The  thickness  of  the  layer  is  determined  by  counting  the  number  of 
reaction  steps  provided  that  the  dose  in  a  reaction  step  is  high  enough  to  yield  a  full 
monolayer  coverage.  ALK  is  limited  to  those  compounds  with  vapour  pressures  of 
solid  phases  much  lower  than  the  vapour  pressures  of  solid  phases  of  their  pure 
constituents  or  reacting  chemical  compounds. 

Among  II-YT  compounds  CMTe  is  of  considerable  importance  for  studying  the 
peculiarities  of  ALE  grow’th  because  the  evaporation  rates  of  elemental  Cd  and  Te 
are  extremely  high  in  comparison  with  dissociative  or  molecular  evaporation  of  the 
CMTe  compound  at  elevated  temperatures. 

In  the  present  paper  we  report  a  comprehensive  study  of  the  growth  mechanism 
in  ALE  of  CdTe  by  using  AES  to  monitor  the  isothermal  desorption  rates  of  the 
elemental  CM  and  Te  deposits  for  the  (111 ) A  and  (1 1 1  )B  surfaces  of  CdTe  substrates. 
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2.  Experimental  procedure 

Chemisorption  and  isothermal  desorption  of  the  constituent  elements  play  a  crucial  rob¬ 
in  the  ALE  process.  Bearing  this  in  mind  we  have  investigated  the  ALE  growth  mechanism 
by  measuring  the  isothermal  desorption  of  CM  and  Te  deposits  for  the  polar  surfaces  of 
CdTe(l  11)  substrates. 

Studying  the  isothermal  desorption  is  one  of  the  simplest  methods  to  characterize 
adsorbed  layers  (Cass CTO).  The  desorption  rate  at  which  the  surface  coverage  diminishes 
in  time  may  be  determined  by  a  gas  phase  analysis  which  observes  a  rise  in  par*  ial  pressure. 
J  py  due  to  desorption.  A  more  complex  and  ardous  way  of  studying  desorption  is  to  measun- 
Auger  electron  spectra  for  the  re.<>vaporat ing  deposit.  The  low-energy  Aug  r  elecimii** 
having  a  short  inelastic  mean  free  path  in  solids,  escape  from  the  sutTaee  regimt  and  mule- 
the  AES  method  a  powerful  non-destructive  tool  in  analysis  of  very  thin  i*vei ‘avers.  Sine*- 
the  ALE  mechanism  is  based  on  reactions  at  the  surface  of  a  substrate  AKS  is  most 
suitable  for  providing  information  about  the  reaction  /.one. 

The  CdTe(lll)A  and  (111)1?  substrate  plalelrtsoi  tin- size  of  H  .-  H  mm4  wre  cut  from 
Unintentionally  doped  p-type  wafers  grovrn  by  a  modified  Bridgman  m«-tho«..  The\  w>-t*- 
polished  mirror  shiny  eheniimrchanically  and  then  rinsed  in  pure  methanol  and  ethanol. 
Two  stihst  rales,  one  with  the  ( 1 1 1  )A  face  and  the  ot  h*i-  w  it  It  the  ( 1 1 1  )l?  I  arc  wen-  mount  •  I 
aide  by  side  simultaneously  on  a  Mo  sample  holder  so  that  growth  of  the  over|,i\i*rH  on 
both  surfaces  could  he  carried  out  under  identical  conditions.  Prior  to  growth  the  stile 
st rates  were  cleaned  by  Ar*  ion  etching  and  suhseijuent  annealing  ut  430  —  500  K  for 
several  hours.  After  cleaning  no  contaminants  were  observed  above  the  dei-Ttion  limit 
of  AES.  Deposition  of  the  (M  and  Te  films  was  performed  at  the  pressure  of  1<>  7  Pa.  The 
layer  thickness  was  monitored  by  a  quartz  crystal  oscillator. 

CM  and  Te  were  produced  as  thermal  molecular  beams  from  Knudsenlike  effusion  cells. 
Three  re-evaporation  exjieriments  on  pun*  (M  and  Te  d»*j>osits  designated  is  t'l?  1  3. 

TA  1—3  and  TB  1  —  3  w.  •«*  carried  out.  The  deposition  parameters  are  given  in  Table  I. 
In  CB  1  —  3  and  TA  1—3.  7**  was  300  K  so  that  re-evaporation  of  CM  or  Te  during  deposition 
was  negligible.  Exjieriments  TB  1—3  were  performed  at  elevated  temper-atoms  at  which 
partial  re-evupornt ion  took  place  during  deposition. 

The  substrates  covered  with  deposits  were  transferred,  without  breaking  the  vacuum, 
into  the  analysis  chamber  of  a  nmltitrehniqu'*  electron  sjH*etrometer  comprising  facilities 
of  AES,  and  other  surface-analytical  techniques  (Fig.  1).  The  rate  of  n*-evaporation  was 
determined  bv  measuring  the  peak-to-peak  ratio  H(t)  -  /va/Zte  of  different ;ated  Anger 
electron  lines  of  the  principal  Cd  5X4,5  (375  eV)  and  Te  M^X^N^r,  (479  rV) 

transitions  as  a  function  of  re-evaporation  time  t.  In  experiments  Cl?  1  —  3  end  TA  1  -  3 

Table  1 

Temperatures  and  deposition  parameters  used  in  Auger  re-evaporation  ex¬ 
periment* 


original 

suhst  rate 

experi¬ 

substrate 

element 

thickness 

tempera!  tire 

re-evaporation 

ment 

surface 

deposited 

of  deposit 

during 

ten-, p*  rat  ure  (K  ) 

tf0  (mn) 

il« -posit  ion 

r,(K) 

CB  1 

(111)1? 

<M 

70 

300 

3  "5  +  2 

CB  2 

(Ill  )B 

Cd 

100 

300 

423  4-  2 

CB  3 

( 1 1 1  )B 

Cd 

200 

300 

4sn  J  2 

TA  1 

(111  )A 

To 

40 

300 

5»*0  4.  2 

TA  2 

(111 )  A 

Te 

70 

300 

523  ±  2 

TA  3 

( 1 1 1 )  A 

Te 

r»o 

300 

550  p  2 

TB  1 

Ml  l  )B 

Te 

10 

440  i.  2 

440  Z  2 

TB  2 

(111  )I1 

Te 

10 

400  -j.  2 

400  ±  2 

TB  3 

(11  UB 

Te 

10 

500  ±  2 

5o0  ±  2 
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i'tg.  1.  Layout  of  the  MBK  irrowth  ehuinber  incorporated  into  an  ADE.S-400  clectrou  spcctro- 
i).  ter 

the  suhat rates  were  heated  to  a  nominal  re-evuporat ion  temperature  in  each  ease  l>y 
putting  them  in  contact  with  a  predicated  sample  holder  of  the  analysis  chamber.  To 
reduce  effects  of  transient  thermal  conditions  on  the  measurements  of  re-evaporation 
rates,  r^xp,  for  the  near-interfare  layers  relatively  thick  C'd  ami  Te  films  were  deposited. 
Therefore  the  only  Auger  signal  detected  at  the  beginning  of  each  experiment  was  that 
of  the  de|Mmit.  As  the  deposit  became  thinner,  due  to  desorption,  both  the  CM  MNX  and 
Te  MXN  lines  appeared  in  the  spectra.  By  measuring  these  signals  as  functions  of  time  at 
a  stable  substrate  temperature.  rpxp  could  be  determined  to  a  reasonable  accuracy.  Tin* 
re-evaporation  rates  for  thick  (amorphous)  deposits,  ra<PXp,  were  obtained  by  dividing  the 
initial  thickness  of  a  deposit  by  the  total  time  of  re-evaporation.  Because  of  the  transient 
thermal  effects  the  ra.,.xp  values  were  subject  to  large  errors. 


3.  Results 

The  (III)A  substrate  surface  exhibited  systematically  higher  A’  values  did  the  (lll)B 
surface.  On  the  average,  A*  1.75  ±  0.03  and  1.55  ±  0.03  for  ( 1 1 1 ) A  and  (111)1), 
respectively,  as  deduced  from  four  individual  measurements  on  either  substrate. 
Figures  2a  — 2c  show  the  Hit)  curves  resulting  front  experiments  OB  1  —  3,  TA  1  —  3 
and  TB  1  —  3.  Here  R  denotes  an  average  value  of  three  measurements  taken  in 
rapid  succession.  The  number  of  monolayers  f)(t)  for  a  flat  surface  were  calculated 
from  lilt)  by  means  of  a  standard  computational  procedure  used  in  estimating  an 
attenuation  of  the  Auger  signal  in  solids  (Skah;  Mkmko  et  al. :  Radley  et  al.).  The 
inelastic  mean  free  path  of  a  Cd  Auger  electron  was  taken  equal  to  that  of  a  Te 
electron  but  to  the  dependent  upon  the  overlayer  material.  According  to  the  analysis 
discussed  in  Appendix  we  found  reasonable  to  choose  /.  —  2.4  nm  for  a  CdTe  single 
crystal  matrix,  1.55  nm  for  amorphous  Te  and  1.25  nm  for  amorphous  Cd. 

For  the  stationary  surfaces,  i.e.,  for  the  “plateau"  region  of  R(t),  the  following 
coverages  were  obtained  : 

6Jave  —  0.35  i  0.15  ML  corresponding  to  Aavi.  1.04  ±  0.0H  for  CB  1  —  3, 

(9,ve  =  0.72  i  0. 12  ML  corres|>onding  to  /fMVP  =-•  1.57  ±  0.08  for  TA  1  —  3, 

6>ave  =  0.17  i  0.12  ML  corresponding  to  /ftvc  —  1.47  ^  0.08  for  T5B  1  —  3. 
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Fig.  2.  H»*-«*vn|mru(i<>n  t>f  (i|  ;m<l  IV  ili-positt*  on  t !*•  <  •nV'llli  *uhj«trut«-!»  .i?  .i  „f 

n*-('Vu|ionitiOii  tiim*.  :» 1  Kxjw  rmicnt*  (  H  1  3,  !>/  T.\  1  3.  .tin)  n  J'H  J  H  (MI,  noiixliiy.-r 1 

[t  i«  worth  noting  that  all  these  final  layers  are  independent  on  7',  within  the  range 
from  385  to  550  K  studied.  Adsorption  of  some  Te  on  t lit*  1 1  Ujli  surface  (experiments 
TB  1—3)  may  he  ascribed  to  a  presence  of  crystal  defects  capable  of  trapping  the 
atoms. 

We  have  regarded  the  (111)  surface  as  a  truncated  bulk  solid.  In  fact.  I.KK1)  sym¬ 
metry  appears  to  be  lowered  for  the  real  surface  which  exhibits  a  p(2  2)  structure 

the  half-oixier  spots  being  more  clear  fur  the  (111 ).\  face.  Tliis  reconstruction  of  the 
top  layer  may  influence  adsorption  processes  anti  further  complicate  the  growth 
mechanism  of  the  compound. 

The  slope  parts  of  the  Hit)  curves  represent  re-evaporation  of  the  deposits  from 
a  near-interface  region  extending  at  least  to  the  AKN  probing  depth  of  3  4  ML 

(exhiding  the  first  monolayer  on  the  substrate).  The  re-evaporation  rates  rfxp  for  this 
region  are  given  in  Table  2  and  Figures  2a  2c.  In  Figure  3  a  general  behaviour  of 
film  thickness  as  a  function  of  re-evaporation  time  has  been  delineated.  Here 
denotes  the  initial  thickness,  tA  and  /p  refer  to  the  onsets  of  the  near-interface  region 
and  “plateau”  region,  respectively.  Since  tA  could  not  be  directly  measured  we  have 
used  an  approximation  /A  —  tp.  This  assumption  leads  to  a  reduction  in  ra.,.s,,  -  <iQ  t v 
A  finite  transient  time  b.  (chosen  to  be  zero  in  our  calculation),  during  which  the 
substrate  n aches  its  steady  state  temperature  of  re-evaporatior  ipioted  in  Figures  2a 
to  2c  and  Table  2.  Causes  a  further  reduction  in  ra  0XJ1.  With  these  approximations  in 
tA  and  th  we  have  estimated  rti,.Xp. 

In  order  to  obtain  more  information  about  re-evaporation  of  the  amorphous  bulk¬ 
like  Cd  and  Te  layers  we  have  calculated  theoretical  re-evaporation  rates  ni(Hl  of 
these  layers.  The  bulk-like  layers  desorb  freely  by  Langmuir  evaporation.  To  the  best 
of  our  knowledge,  no  simple  theory  exists  for  calculating  ra  according  to  the 
Langmuir  evaporation  which  is  a  non-equilibrium  process.  Therefore,  we  have 
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Tahir  2 

Niin.rrirnl  < In t it  »»f  iv-rv 'HjHiriit ion  of  ('.1  and  T»-  deposits  on  t OdTo(lll) 
surfaces  r;i  j*  calculated  from  r»j<.  (2i  and  f 3 1 .  rf.x,,  refers  to  rr-'-vaporat  ion 
of  I  '■!  and  Tr  iiii'Hsiii’nl  for  the  ii<-ur-inl«-rfaec  region  and  r3  ex.  that  of 
thirk  i  amorphous)  deposits  obtained  by  n 'fling  I j,  and  /h  n,  see  also 

Figure  4 
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estimated  rarhwj  in  a  crude  approximation  by  using  the  Knudsen  equation  (for  an 


equilibrium  process)  iHkk.man,  Ohm 

X  3.51  •  i022pa(,\TiJ  -  (1) 

where  X  is  the  number  of  atoms  evaporated  per  second  from  a  solid  surface  of  an 
area  of  a  (cm2)  at  temperature  TtK'.  -4(g)  is  the  atomic  weight  and  ;>(Torrl  the  pres¬ 
sure  af  7’.  Jt  can  be  shown  that 

<■., ihfolt’d )  7.14-1  ■  104  pT  1  -  (nni,s)  (2) 

and 

»*».tiieu(Te)  -  10.551  ■  106  pT  l  *  (inn's)  (3) 

with  the  equilibrium  vapor  pressures  obtained  from  iWkast) 

log/XCd)  5003.07  T  l  8.504  (4) 

and  'KrhAsCHKWsKi  et  a  I.  > 

log  p(Te)  017  57’  1  2.71  log  T  10.08.  (5) 


Since  the  Langmuir  evaporation  is  expected  to  the  faster  than  Knudsen  evaporation 
hi.tiiw  obtained  from  Kqs.  (2)  and  (3)  is  probably  smaller  than  that  in  a  more  accurate 
calculation.  A  comparison  of  the  values  listed  in  Table  2  reveals  that  rH  u,en  is  two 
orders  of  magnitude  larger  than  rexp.  It  can  also  be  seen  that  r*.fxp  ^  r*  .hro  for  the 
low-temperature  expe  riment  CB  1  (385  K).  With  increasing  temperature,  however, 
the  difference  between  r„  . M,  him!  r„  u,,,.  becomes  large.  At.  480  K  for  Cd  and  550  K 
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for  Te  re-evaporation  is  so  fast  that  AK8  is  practically  incapable  of  measuring 
It  should  be  emphasized  that  rCXJ>  (taken  at  stable  temperature)  is  a  straightforward 
measure  for  the  observed  parts  of  R(t).  Therefore  it  is  not  subject  to  uncertainties  in 
tx  and  th. 

The  activation  energy  A’a  for  re-evaporation  of  Cd  am)  Te  (  f  the  near-interface 
region  is  calculated  from  the  Arrhenius  equation 

ra  —  C0  exp  (  — EJkT )  d>) 

where  C0  is  a  constant.  By  plotting  In  reX[1  against  1  7’ a  straight  line  is  obtained  (Fig.  4). 
From  the  slopes  of  these  lines  one  finds  E.A  —  0.5,  1.0  and  1.5  eY  for  CB  1  -3,  TH  1  —2 
and  TA  1  —  3,  respectively.  The  drawing  of  the  straight  line  for  the  TB  experiment  is 
only  guided  by  two  measured  points.  Therefore,  in  this  case  is  less  accurate  than  hA 
of  the  other  experiments  where  three  measured  points  determine  the  slopes  of  the 
lines.  However,  there  is  no  reason  to  expect  that  this  line  would  show  an  exceptional 
deviation  from  Eq.  (b). 
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4.  Discussion 

Surface  roughness  influences  the  AES  spectra  (Wi  ,  Bi  ti.kh).  Among  the  most 
remarkable  effects  is  a  reduction  in  intensity  of  an  Auger  signal.  In  the  present 
experiment  the  chief  Auger  electrons  of  Cd  and  Te  have  comparable  mean  free  paths. 
Therefore  any  intensity  variation  caused  by  surface  roughness  is  the  same  for  Cd 
.MXX  and  Te  M.N.\,  and  leaves  the  steady  state  intensity  ratio  R  —  Iit\  /jo  un¬ 
affected.  Despite  this  fact  it  is  conceivable  that  morphological  effects  influence 
“dynamic"  R(t)  in  the  near-interface  region.  On  the  basis  of  the  present  results  it  is 
somewhat  hard  to  distinguish  these  effects  from  those  caused  bv  a  change  in  bonding 
strength.  The  results  favour,  however,  an  interpretation  of  the  behavior  of  R(t)  in 
bonding  terms.  For  example,  in  experiment  TA  3  the  thickness  of  the  film  deposited 
was  50  nm.  Re-evaporation  at  550  K  in  the  “dynamic"  R{()  range  took  about  7  min 
to  reach  the  first  monolayer  coverage  (and  13  min  more  in  the  sub-monolayer  eva¬ 
poration  range  to  yield  the  steady  state  value  of  R  1.57.  i.e.,  ©BVC  —  0.72,  see 
Fig.  2b).  Using  the  constant  bulk-like  re-evaporation  rate  of  l.bH  nm/s  for  Te  (Table  2) 
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throughout  the  deposit  yields  the  film  thickness  of  700  nm,  in  sharp  contrast  to  the 
real  situation.  Similar  discrepancies  appear  in  theother  cases.  Therefore,  we  interprete 
the  observed  trend  in  Hit)  as  mainly  due  to  a  change  in  the  re-evaporation  rate. 

5.  Conclusions 

We  have  studied  re-evaporation  of  amorphous  deposits  of  Cd  and  To  from  the 
CdTe(lll)  surfaces  by  employing  the  AES  method.  It  has  been  found  that  the  re¬ 
evaporation  rates  for  the  region  near  the  substrate-overlayer  interface  an*  two  orders 
of  magnitude  smaller  than  those  of  bulk  Cd  and  Te.  The  activation  energies  for  re¬ 
evaporation  of  this  region  are  measured  to  be  E%  =  1.5  eV  for  Te  on  the  (111 ) A 
substrate,  Eu  =  1.0  eV  for  Te  on  (lll)B  and  Em  =  0.5  eV  for  Cd  on  (lll)B.  The 
sticking  coefficients  of  Cd  and  Te  are  less  than  1.  The  persistent  sub-monolayer 
coverages  are:  O  —  (0.35  £  0.12)  ML  for  Cd  on  (111 )B,  (9  =  (0.72  ±  0.12)  ML  for 

Te  on  (11I)A  and  (-)  =  (0.17  ±  0.12)  ML  for  Te  on  (lll)B  (the  last  result  is  likely  to 

indicate  that  the  density  of  surface  defects  is  comparatively  large  after  Ar*  bombarding 
and  annealing). 

We  have  also  shown  that  AES  can  be  used  to  identify  the  polarity  of  the  CdTe(lll) 
surfaces.  The  relative  difference  in  peak-to-poak  intensity  ratios  of  Cd  M X N  to 
Te  MNN  for  1 1 1 1  )A  ami  (11  I ) H  is  (11  ±  2)°0. 

Appendix 

Contributions  of  successive  Cd  and  Te  layers  to  the  total  AES  signal  for  a  clean  (1 1 1  )B 
surface  of  CdTe,  the  structure  of  which  is  shown  in  Figure  A  la,  are  given  by  the 
following  expressions: 

/(•d  -  /a«,(l  -  (it)'1  <AU 

Ir,  —  ^ f?"2( l  -  Vt)  ‘  (•''-I 

where 

"i  =  [1  -  exp  (— d0/2Af, i>]  exp  ( — ef/Acd)  .  =  exp  (-rf0/At- d) 

(1 2  =  1  exp  (-dj 2AXe)  ,  <7*  =  exP  i>)  • 

Here  /m  and  are  the  Auger  signals  from  a  semi-infinite  CdTe  crystal,  Am  and  At. 
are  the  inelastic  mean  free  paths  of  Cd  MNN  and  Te  MNN  Auger  electrons.  Conse¬ 
quently, 

//(iti)H  "  I'M*  "  9t)in2^  '  f/i)]  •  (^3) 

For  the  (111 ) A  surface 

WfiiDA  —  <hVi%)  •  [«jM  —  <7 *)/"*( 1  -  <7|)1  exp  [<//(Ard  *r  ^Te']  •  (A4) 

From  the  paper  of  Sza.jman  et  al.  (1980)  one  obtains  Am  =  1.3  ±  0.2  mm  and  At* 
1.4  j-  0.2  nm.  These  values  are  underestimated  when  considering  a  single  crystal 
CdTe  matrix  where  the  interatomic  spacings  are  larger  than  in  the  amorphous  phase, 
do, cd  —  dn.Tc  —  0.374  nm  and  0.324  nm,  respectively.  If  the  empirical  relations  of 
Skaji  and  Dench  compiled  for  inorganic  compounds  and  elemental  species  are  applied 
to  the  single  crystal  matrix  and  the  amorphous  pure  Cd  and  Te  deposits,  then  the 
following  A  values  are  obtained:  A* ,i  3.195  uml  A»>  3.010  nm  in  CdTe,  Am  ~  1.17 

and  A*r<*  •  1,32  tun  in  amorphous  ('<!,  and  Am  1.47  and  At.-  L<»0  nm  in  amorphous 
Te. 
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Ki«.  Al.  Schematic  illuatration  <*f  the  xpatiui  coofigurutinu  of  Cd  aud  To  atoms  iu  the 
I'dTYlUnll  surface  of  truncated  hulk,  a)  clean  aubatnite  surface,  b/  the  substrate  covered  by 
4  ML  Cd.  c)  the  au  hat  rate  covered  by  4  ML  Tc.  The  first  monolayer  in  b)  is  bound  to  the  sur¬ 
face  with  C'd-Te  covalent  bonds,  in  r/  Tc  tor  run  weak  Te-Te-bonda 


The  formula  of  Seah  and  Dench  gives  a  satisfactory  experimental  agreement  in 
the  cases  of  elemental  species  but  overestimates  A  for  inorganic  compounds  (Szajman 
et  al.  1981).  In  the  absence  of  any  better  approximation  we  have  taken  the  average 
of  A  in  each  cast*:  A  r...  /ltl  —  ATc  2.40  nm  in  CdTe,  A  —  1.55  mn  for  the  Cd  and 
Te  Auger  electrons  in  amorphous  To,  and  A  1.25  nm  for  both  the  electrons  in 
amorphous  Cd. 

When  the  measured  values  of  R(m)\  =  1.75  and  ^udh  *=■  1-55  are  inserted  into 
Ktffl.  (A3)  and  (A 4)  we  obtain 

(/?S//f«)A(ui)  *  1-683  and  (/&/ /R)(m)B  -  1.611  . 

Let  us  consider  a  layer  of  Cd  on  (lll)B,  Figure  Al  b.  A  general  expression  for  R  in 
this  case  is 


^(li  Dll.  cd  —  L611  ■  (o0(l  —  q)  f  a  j]Jat  (A  5) 

where  q  =  exp  i  —  dajk)  =  0.856.  The  terms  a0,  n,  and  at  depend  on  the  number  of 
monolayers  of  Cd  on  ( 1 1 1  )B. 
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ForO<0<  1  ML  of  Cd«0  =  0,  =  1  —  exp  (— rf0/2A)  and  a2  =  a,  •  exp[—  \dQ  -  d))/.\. 

Consequently,  ft(ni)B-f  i.ml  —  1.611  •  exp  [(dQ  —  d)jk]  —  1.81.  This  means  that  in/the 
range  1.55  <"*  ft(m)|S  <  1.810  is  obtained  from 

0  =  (ft  -  I.55)/(  1.81  -  1.55)  =  3.84 ft  -  5.96  (AG) 

up  to  one  monolayer.  For  l  <-,  0  <  2  ML  of  Cd  a0  ~  1  —  exp  ( —  rf,n. <(l,/.)  =  0.199, 
«!  -  [1  —  exp  (— rf0/2/))  (1  —  '/„)  =  0.060.  at  =  «,  exp  [—  (rf0  ~  d)jk\  —  0.053  and 
^(hj)Ut2ML  =  2.68,  for  the  definition  of  dm% ld,  see  Figure  Al  b.  So,  covering  this 
range 

1.81  •  ft, | iijis  v  2.68  and  (9=1}  (1.14ft  -  2.08)  .  (A  7 1 

Similarly,  for  2  0  3  ML  and  3  •  0  4  ML  one  can  derive  the  equations 

2.68  <:  ftumI,  3.76  with  0  =  2  +  (0.925ft  -  2.48)  (A8) 

for  the  third  monolayer,  and 

3.76  <  ftmi)„  <  5.11  with  0  =  3+  (0.74ft  -  2.79)  (A9) 

for  the  fourth  monolayer.  Beyond  0  =  4  ML  ft  is  difficult  to  measure  to  a  reasonable 

accuracy  because  of  the  short  escape  depth  of  the  Auger  electrons.  Figure  Ale  shows 
the  atomic  configuration  used  to  calculate  0  fiom  ft  for  the  Te  deposits  on  the 
(lll)B  substrate. 
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This  article  presents  a  review  of  the  state  of  the  art  of  research  and  development  on  Hg,  _ ,  Cd,  Te- 
Hli  _  ,Cd,T«  (Oocly<  1)  heterostructures  important  for  application!  in  the  modem  infrared 
detection  technique,  it  deals  with  the  fundamental  physical  properties,  epitaxial  growth  methods, 
and  applications  of  these  structures.  The  most  important  experimental  results  relevant  to  this 
subject  are  described  and  discussed.  Following  a  short  survey  of  the  physical  properties  of 
Hg,  _  ,Cd,  Te,  the  travelling  heater  method  for  growing  bulk  crystals  of  Hg,  _  ,  Cd,  Te  has  been 
described  and  compared  with  the  epitaxial  growth  techniques  used  to  prepare  thin  films  and 
layered  structures  of  this  compound.  Some  important  aspects  of  substrate  preparation  procedures 
related  to  CdTe  wafers  have  been  discussed.  Then  the  most  important  problems  regarding  the 
liquid-phase,  vapor-phase,  and  molecular-beam-epitaxy  methods  of  Hg, .  ,Cd,Te-Hg,  ,Cd,Te 
I )  heterostructures  have  been  studied.  A  comprehensive  discussion  of  technology  and  the 
parameters  of  different  heterostructure  photodiodes  made  of  Hg,  _,Cd,Te  with  electrically 
passive  and  electrically  active  heterointerfaces  has  been  presented.  The  review  is  concluded  with 
an  overview  of  research  problems  relevant  to  HgTe-CdTe  superlattices  and  the  surfaces  and 
heterointerfaces  of  Hg,  _ ,  Cd,  Te. 
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I.  INTRODUCTION 

Mercury  cadmium  telluride  (Hg,  _  ,Cd,  Te)  is  the  most 
important  material  for  infrared  detectors  and  imaging  ar¬ 
rays.  12  The  energy  gap  of  this  compound  Et  is  a  function  of 
the  mole  fraction  x  of  CdTe  and  the  ambient  temperature 
(T).  It  ranges  from  —  0.300  eV  for  semimetallic  mercury 
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telluride  (HgTe)  to  1.648  eV  for  semiconductive  cadmium 
telluride  (CdTe)  at  4.2  K  temperature.’  The  dependence  of 
E,  on  composition  and  temperature  may  be  obtained  from 
several  data  based  on  optical  and  transport  measurements  ’ 
Hansen,  Schmit,  and  Casselman’  made  a  critical  analy¬ 
sis  of  all  experimental  data  concerning  E,{x,T )  published  in 
the  literature  or  accumulated  in  their  laboratory,  and  pre¬ 
sented  the  following  empirical  expression  for  E,[x,T)-. 

E,[x.T)=  -0.302+  1.93x  + 5.35  XlO-'TIl  -2x) 

-  0.81Qx’  +  0.832x’  (eV) .  (I  I) 
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This  equation  has  been  shown  to  be  valid  to  a  reasonable 
accuracy  (the  standard  error  of  estimate  is  0.013  eV) 
throughout  the  entire  composition  range  and  for  the  tem¬ 
perature  interval  from  4.2  to  300  K. 

Quite  recently,  Chu,  Xu,  and  Tang4  published  a  slightly 
different  formula. 

E,{x,T)  =  -  0.295  +  1.87*  -  0.28x2 

+  (6  -  14jc  +  3jc2)10~T+  0.35*4  ,  (1.2) 

applicable  for  the  composition  range  of  0<x<0.37  (plus 
x  =  1)  and  for  the  temperature  interval  of  4.2<7"<300  K. 
The  energy-gap  values  given  by  this  formula  are  a  little  high¬ 
er  than  those  predicted  by  Eq.  (1.1).  By  comparing  both  ex¬ 
pressions  for  Et{x,T)  with  the  known  magneto-optical  ex¬ 
perimental  data,5  Chu  et  at.  found  that  the  standard  error  of 
estimate  for  their  expression  is  only  0.008  eV. 

The  intrinsic  carrier  concentration  n,(x,TJEt)  of 
Hg,  _,Cd,Te  may  be  evaluated  from  fundamental  physical 
parameters  of  this  compound.  Using  the  Kane  nonparabolic 
approximation  for  band  structure,  the  average  value  of  the 
heavy  hole  mass  mh  =  0.433  m0,  and  the  formula  (1. 1 )  for  the 
energy  gap,  Hansen  and  Schmit6  calculated  n,  as  a  function 
of  composition,  temperature,  and  energy  gap.  They  present¬ 
ed  the  best-fit  expression: 

n,  =(5.585  -  3.820*  +  1,753x10  'T-  1.364X  IO-’jcT) 

X  10 'iE,"T,r-  exp(  -  E,/2kT)  (cm-1) ,  (1.3) 

which  has  been  fitted  within  1%  of  the  calculated  n,  for  the 
compositions  x<0.7,  temperature  range  50  K < T< 300  K, 
and  the  energy  gaps  £f  >0.  Expression  (1.3)  has  been  com¬ 
pared  to  many  values  of  n,  obtained  from  Hall  measure¬ 
ments  and  it  has  been  quoted  to  provide  an  excellent  fit  to 
experimental  values.6 

A.  Wavelength  regions  of  applications  of  Hg,  _  ,Cd,Te 
photodetectora 

The  cutoff  wavelength  of  Hg,  _  ,Cd,Te  photode¬ 
tectors  can  be  selected  over  a  wide  range  according  to  Eqs. 
(I  D  or  (1.2).  [/!„  is  defined  as  the  longest  detected  wave¬ 
length  at  which  the  photoresponse  of  the  detector  has 
dropped  down  to  50%  of  its  peak  value';  it  is  often  approxi¬ 
mated  by  the  relationship  A „(pm)  =  l.24/£I(eV)J.  The 
compositions  mostly  preferred  for  infrared  detection  are 


xs:0.2,  *3:0.31,  and  *5:0.39,  because  they  allow  for  fabri¬ 
cating  detectors  operating  with  the  peak  wavelengths,  re¬ 
spectively,  of  At  a  12.5  /im  (at  77  K),  A,  ~4i  pm  (at  125 
K),  and  Ar  ~  3  pm  (at  200  K). '  These  cover  the  two  transmis¬ 
sion  “windows”  of  the  atmosphere  from  3  to  5  pm,  and  from 
8  to  14  pm.  For  the  latter  wavelength  region,  Hg,  ,  Cd,  Te 
is  especially  desirable  over  extrinsic  detectors,  such  as  doped 
Ge  and  Si,  as  the  intrinsic  nature  or  the  semiconductor  en¬ 
ables  them  to  operate  with  higher  detectivity. 

Hg,  ..Cd.Te  phctodetectors  have  also  great  potential 
for  the  1.0-1. 7  pm  |x  =  0.8-0.65)  wavelength  range,  ex¬ 
ploited  for  fiber  optic  communications.  Planar  avalanche 
photodiodes  with  peak  responsivity  at  1 .22  pm  and  cutoff  at 
1.25  pm  have  been  shown  to  operate  successfully,  exhibiting 
peak  quantum  efficiencies  as  high  as  72%  at  300  K  without 
any  antireflection  coating  (see  Sec.  Ill  A  2). 

B.  Crystallization  of  rig,  ,Cd„T*  bulk  crystals 

Until  now  the  Hg,  .Cd.Te  device  technology  has 
been  restricted  to  developing  bulklike  photoconductive  and 
photovoltaic  detectors  ’  When  fabricating  photoconductive 
detectors,  a  low  carrier  concentration  of  n-type  material 
(n~1014  cm  3)  of  high  purity  is  desirable  because  its  ex¬ 
tremely  high  electron-hole  mobility  ratio  I  >  200)’  results  in  a 
high  photoconductive  gain.  When  preparing  photovoltaic 
detectors  the  substrate  is  usually  p-type  bulk  material,  for 
example,  Hg,  , Cd,Te  platelets  into  which  ions  are  lm 
planted  to  form  the  p-n  junctions.0 

Most  of  the  materials  for  infrared  devices  have  been 
prepared  so  far  by  a  controlled  solidification  of  the  molten 
Hg,  .Cd.  Te  alloy  at  a  relatively  high  temperature  II 100 
K),  followed  by  homogenization  annealing  (950  K|  and  low- 
temperature  annealing  (600  K)  (see  Ref.  10  and  Chap.  3  in 
Ref  1).  However,  with  this  preparation  technique  there  are 
always  serious  difficulties  associated  with  compositional 
nonuniformities  inherent  in  the  nonequilibrium  solidifica¬ 
tion  of  the  pseudobinary  alloy"  and  long  annealing  times 
required  to  restore  homogeneity.  In  order  to  overcome  these 
problems,  application  of  the  travelling  heater  method 
(THM)  for  growing  Hg,  ,Cd,Te  bulk  crystals  has  been 
proposed.'2 

In  this  method  (see  Fig.  1 )  a  molten  solvent  zone  is  made 
to  migrate  through  a  solid  homogeneous  source  (feed)  mate¬ 
rial  by  the  slow  movement  of  the  ampoule  relative  to  the 
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FIG.  1.  Principle  of  the  travelling  beater  meth¬ 
od.  Geometrical  configuration  of  the  loaded 
ampoule  and  the  heater  (left),  and  the  tempera¬ 
ture  profile  tn  the  solvent  zone  (right).  The  high¬ 
est  temperature  in  the  zone  ( Ta)  is  lower  than  the 
melting  temperature  [Tm )  of  the  Hg,  ,Cd,Te 
compound. 
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heater, l!  or  vice  versa.  Matter  transport  occurs  by  diffusion 
and  convection  across  the  solvent  zone  under  the  influence 
of  the  temperature  gradient  resulting  from  the  movement.  In 
the  course  of  the  process,  a  “pseudo"  stationary  state  is 
reached.  The  solvent  zone  dissolves  a  solid  (the  feed  material) 
at  the  upper  hot  interface,  and  deposits  in  near  equilibrium 
conditions  a  material  of  the  same  composition  on  the  lower 
growth  interface.  The  crystallization  occurs  at  constant  tem¬ 
perature  which  is  lower  than  the  melting  temperature  of  the 
material  Depending  on  the  desired  composition  of  the 
grown  Hg,  _  ,Cd,Te  crystal,  the  growth  temperature  lies  in 
the  800-1000  K  range.  The  growth  rate  is  about  1  /jm/min. 

Using  the  THM  technique,  ingots  of  30  mm  in  diameter 
and  up  to  80  mm  in  length  have  been  grown  for  different 
compositions  ranging  from  x  =  0.21  to  x  =  0.70.  The  longi¬ 
tudinal  homogeneity  is  found  to  be  better  than 
Ax  =  ±  0.02,  and  the  radial  homogeneity  better  than 
Ax=  ±0.002. 12 

C.  Advantages  of  epitaxy  over  bulk  crystal  technology; 
Heterointerfaces 

Despite  the  progress  undoubtedly  made  in  the  bulk 
crystal  growth  technology,  an  increasing  interest  is  recently 
shown  towards  the  growing  of  Hg,  _  ,Cd,  Teas  epitaxial  lay¬ 
ers  and  layered  structures  on  high-quality  CdTe  substrates.2 
Among  the  growth  techniques  used,  liquid-phase  epitaxy 
(LPE),  '*• 18  vapor-phase  epitaxy  (VPE),  ‘*”2  4  and  molecular- 
beam  epitaxy  (MBE)25"20  are  the  most  important.  LPE, 
VPE,  and  MBE  offer,  in  comparison  with  the  bulk  growth 
techniques,  lower  growth  temperatures,  shorter  growth 
times,  and,  in  the  case  of  LPE,  much  better  compositional 
homogeneity.  They  allow  for  growing  multiple  layers  of 
Hg,  „  Cd,  Te  with  different  compositionsand  doping  levels. 
It  is  also  possible  to  prepare  large-area  epilayers  not  obtained 
by  bulk  growth  where  the  quartz-tube  cross-section  area 
must  be  limited  to  only  a  few  square  centimeters  to  with¬ 
stand  the  high  pressures  at  the  typical  growth  temperatures 
of  1100K.1 

In  the  epitaxial  deposition  of  an  overlayer  onto  a  sub¬ 
strate  of  different  materials,  a  heterointerface  is  formed. 
Such  a  heterointerface  is  called  abrupt  or  graded  according 
to  the  distance  within  which  the  transition  from  one  material 
to  the  other  is  completed.  At  an  abrupt  heterointerface  the 
transition  occurs  on  an  atomic  scale  (=;  10  nm)  while  for  a 


graded  junction  it  takes  place  over  larger  distances  (1-10 
gm|.’'  For  the  Hg,  _ ,  Cd,Tc  films,  semi-insulating  CdTe 
platelets  are  most  frequently  used  as  substrates  although 
Hg,  _,Cd,Te  bulk  grown  wafers  have  been  used,  too.22” 
The  Hg,  _  ,Cd,Te  heterointerfaces  are  graded  because  of 
considerable  interdiffusion  between  film  and  substrate. 

At  present  the  understanding  of  electrical  and  photo¬ 
electrical  properties  of  these  heterointerfaces  is  poor  while 
the  technology  involved  and  the  structural  parameters  of 
Hg, .  ,Cd,Teare  well  known.  This  somewhat  surprising  sit¬ 
uation  is  due  to  the  fact  that  in  the  infrared  detecting  devices 
the  Hg,  ,Cd,Te  heterojunction  acts  only  as  a  structural 
interface  between  the  active  Hg,  ,  Cd,  Te  layer  and  the  pas¬ 
sive  CdTe  substrate. 14  It  is  expected,  however,  that  the  elec¬ 
trical  and  photoelectrical  properties  of  Hg,  _  ,Cd,Te-CdTe 
junctions  and  specially  those  of  Hg,  ,Cd,Te-Hgi  .  ,Cd,Te 
or  HgTe-CdTe  heterojunctions  will  be  largely  applied  in  the 
near  future  to  infrared  detecting,  imaging  and  processing 
techniques  (see,  for  example,  Bratt22  ”  Migliorato  et  a/.,”'2*’ 
and  Smith  et  a/.27). 

We  make  an  attempt  to  give  here  an  overview  of  the 
area  of  Hg,  _ ,  Cd.Te-Hg,  ,Cd>Te  (0<xji<  1)  heterostruc¬ 
tures.  We  concentrate  on  practical  aspects  of  their  heteroepi¬ 
taxy  and  utilization  possibilities  in  modem  infrared  tech¬ 
nique  and,  finally,  discuss  some  research  problems  related  to 
these  systems. 

II.  EPITAXY  OF  Hg,  .Cd.Ts-Hg,  ,Cd,Ts((KxYyO) 
HETEROSTRUCTURES 

The  three  growth  techniques  LPE,  VPE,  and  MBE 
have  proven  acceptable  for  producing  thin  epitaxial 
Hg,  ,  Cd,  Te  layers  and  layered  structures  with  satisfactory 
device  quality  (see  Refs.  23  and  24  for  VPE,  and  Refs.  27  and 
30  for  MBE-grown  structures),  although  the  best  device  suit¬ 
ed  structures  are  still  offered  by  the  LPE  technique. 171*  We 
limit  our  discussion  to  these  techniques  alone.  We  only  men¬ 
tion  in  passing  that  cathodic  sputtering2*"40  and  laser-assist¬ 
ed  deposition  and  annealing41"42  have  also  been  used  for 
growing  Hg,  ,Cd,Te  films 

A.  Preparation  of  CdTa  bulk  grown  substrates 

As  already  noted  above,  CdTe  is  usually  employed  as  a 
substrate  for  Hg,  _  ,  Cd,  Te  epilayers  because  many  proper- 


TABLE  I  Physical  parameters  of  Hg,  ,Co,Te  important  for  heteroepitaxy  on  a  CdTe  substrate. 


Chemical  composition 

Crystal  structure 

Lattice  parameter 
at  300  K  (in  nm) 

Coefficient  of  linear 
expansion  per  degree  at  300  K 

Energy  band  gap 
a»  300  K  (eV| 

HgTe 

Zmcblende 

0.64603  4-  0.0001 B 

5x10“ 

-0.141  +0.013* 

H*„-„Cd0„,Te 

Zincblcnde 

0.64658  +  0,00005* 

+  0.185  +  0.013* 

jbtCdo^Te 

Zmcblende 

0 64689  +  0  00005* 

+  0.448  +  0.013* 

CdTe 

Zinc  blende 

064J2* 

5y  10“ 

+  1  490+  0013* 

*J.  P  Schwartz,  T.  Tung,  and  R.  F  Brebnck.  J  Electrochem.  Soc  128,  438  (1982). 

*  A.  Ebina  and  T.  Takahaahi.  1.  Cryst  Growth  99,  31  (1982). 

G  L.  Hansen,  J.  L.  Schtnit,  and  T.  N  Casselman,  J  Appl.  Phys  S3,  7099  (1982) 
d  B.  L.  Sharma  and  R.  K.  Purohit,  Semiconductor  Heterofunctions  (Pergamon,  New  York,  1974). 
*D  E.  Dalton,  1.  Cryst.  Orowth  59, 98  (1982). 
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ties  of  these  two  compounds  match  very  closely, l3M  see  Ta¬ 
ble  I,  and  because  it  is  easier  to  grow  a  bulk  CdTe  crystal 
than  a  Hg,  _  ,Cd,Teor  HgTeone.  It  has  been  found  that  the 
Cd-terminated  CdTeflll)  surface,  called  also  CdTe(lll)A 
surface,  is  optimal  for  growing  Hg, . , Cd, Te  by  LPE'5"1 
and  cathodic  sputtering40  while  the  Te-terminated  (III)  sur¬ 
face  [(111  )B]  seems  most  suitable  for  the  MBE  technique. 35 
The  (100)  slightly  misoriented  surface  and  the  (110)  precisely 
oriented  surface  have  been  reported  to  be  appropriate  for 
growth  by  VPE. 19,34  At  the  moment  no  well-established  con¬ 
clusion  concerning  the  best  orientation  of  the  CdTe  sub¬ 
strate  in  VPE,  or  in  MBE,  can  be  drawn  [high-quality 
Hgi  _,CdxTe  layers  have  been  grown  with  the  aid  of  VPE 
also  on  CdTe(U  1)A,“  and  with  MBE  on  CdTe(  100).37] 

A  standard  preparation  procedure  for  CdTe  wafers45 
involves  cutting  of  platelets  along  a  crystallographic  plane 
from  a  bulk  crystal,  lapping  the  platelets  with  wet  abrasive, 
polishing  them  mechanically  with  a  wet,  very  fine  (1  /im) 
diamond  or  alumina  powder,  followed  by  cleaning  in  or¬ 
ganic  solvents  and  etching  in  a  1  %-10%  bromine-in-metha¬ 
nol  solution  for  a  few  minutes.  Finally,  the  platelets  are  im¬ 
mersed  in  pure  methanol,  rinsed  in  ethanol,  and  dried  in 
nitrogen  gas. 

New  dry4*  and  wet47-4"  techniques  for  polishing  CdTe 
surfaces  have  been  proposed.  The  dry  method  is  an  adapta¬ 
tion  of  the  diamond  milling  process  which  is  commonly  used 
for  polishing  aluminum  surfaces  to  precision  harness  for 
large-area  infrared  optical  scanning  systems.  A  CdTe  wafer 
supported  by  a  perforated  vacuum  fixture  is  polished  with  a 
single  diamond  edge  by  cleaving  off  successively  the  top  lay¬ 
ers  when  the  shearing  forces  produced  by  the  diamond  edge 
are  directed  along  selected  crystallographic  directions.  This 
method  has  resulted  in  very  smooth  mirrorlike  (111 ) A.  sur¬ 
faces  with  low  damage  and  no  chemical  contamination  be¬ 
yond  surface  interaction  with  the  ambient  atmosphere.  The 
wet  method  referred  to  as  “hydroplane  polishing"  employs 
the  principle  of  the  hydroplane  suspension  of  the  samples  on 
a  thin  layer  of  etch  solution.  This  differs  from  chemimechan- 
icai  polishing  in  that  the  samples  never  come  into  contact 
with  the  polishing  pad  but  are  supported  by  the  liquid.  As  a 
consequence,  mechanical  damage  is  eliminated  and  the  reac¬ 
tion  products  are  removed  and  fresh  etchant  is  introduced 
very  rapidly.  Nomarski  interference-contrast  photomicro¬ 
graphs  and  photoluminescence  at  77  K4*  have  given  the  evi¬ 
dence  that  hydroplane  polishing  with  a  solution  of  20%  by 
volume  of  ethylene  glycol  in  methanol  eliminates  the  subsur¬ 
face  damage  caused  by  chemimechanical  polishing  prior  to 
hydroplane  polishing.  Hydroplane  polishing  reduces  the 
surface  dislocation  line  density  from  a  value  of  10‘-10‘° 
cm'3  to  103— 10s  cm"3,  which  is  characteristic  of  bulk 
CdTe.44 

Crystal  imperfections  in  the  surface  of  a  substrate  may 
be  reduced  by  depositing  a  CdTe  “buffer”  layer  on  the  sub¬ 
strate.  This  attempt  has  been  made  by  applying,  for  example, 
the  MBE4*"5'  and  atomic  layer  epitaxy  (ALE)53  methods. 
The  buffer  layers  of  thickness  of  typically  50  nm  (by  ALE) 
have  been  found  to  exhibit  remarkably  higher  structural  per¬ 
fection  than  that  of  the  original  substrate  surfaces  prepared 
by  chemimechanical  polishing. 
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B.  Epitaxy 

Epitaxy  is  a  phase-transition  process  which  leads  to  the 
formation  of  single-crystal  solids.  In  epitaxy,  the  mass  trans¬ 
port  and  surface  processes  play  the  major  roles.  Heat  trans¬ 
port  which  is  important  in  bulk  crystal  growth  has  negligibly 
small  influence  on  epitaxial  film  growth.  An  up-to-date  sur¬ 
vey  of  the  thermodynamics  of  phase  transitions  and  the  main 
aspects  of  kinetics  relevant  to  epitaxy  has  been  presented  by 
Stringfellow.” 

Thermodynamics  determines  the  equilibrium  composi¬ 
tion  of  various  phases  at  constant  temperature  and  pressure 
Equilibrium  is  defined  as  a  state  of  the  thermodynamic  sys¬ 
tem  where  the  Gibbs  free  energy  per  mole,  G  =  H  -  TS,  has 
its  minimum.54  Here  H  T,  and  S  denote  enthalpy,  tempera¬ 
ture,  and  entropy,  respectively.  At  this  G  the  chemical  po¬ 
tential,  n,  =  SG/dn,,  for  all  the  components  of  the  system 
are  equal.  If  the  system  is  not  at  equilibrium,  the  therm  od>  ■ 
namic  driving  force  needed  to  restore  equilibrium  is  the  dif¬ 
ference  in  chemical  potential,  -  nA .  between 

the  nonequilibrium  state,  //,  =  (2,  ft,)t  and  the  equilibrium 
state,  fi„  =  {2ft, )4. 

In  epitaxy,  a  nonequilibnum  situation  is  intentionally 
created  to  drive  the  system  towards  formation  of  the  solid 
The  maximum  amount  of  solid  obtained  during  expitaxy  is 
equal  to  the  amount  of  material  needed  to  establish  the  equi¬ 
librium.  This  amount  is  thus  fundamentally  limited  by  ther¬ 
modynamics  and  the  total  sire  of  the  system. 

C.  LPE  of  Ho,  _  ,Cd„T6-CdTe  heteroatmcturea 

The  LPE  process  involves  the  introduction  of  a  careful¬ 
ly  prepared  substrate  platelet  into  a  supersaturated  solution, 
or  into  a  nearly  saturated  solution  in  which  supersaturation 
is  created  after  a  short  period  during  which  etching  may 
occur.”  The  substrate  and  the  supersaturated  solution  being 
in  mutual  contact  represent  a  thermodynamic  system  in  a 
nonequilibrium  state,  what  causes  the  growth  of  the  epitax¬ 
ial  layer  on  the  surface  of  the  substrate.  It  is  necessary  to 
ensure  upon  growing  the  layer  that  the  surface  is  free  from 
any  drops  of  excess  solution. 

In  performing  LPE  growth  it  is  necessary  to  know  the 
solid-liquid-phase  diagram  of  the  system.  The  phase  dia¬ 
gram  can  be  determined  experimentally55  as  well  as  theor¬ 
etically.  In  theoretical  calculations,  the  quantities  H,  S,  and 
G  are  obtained.  The  minimum  of  G  for  a  given  temperature 
determines  the  equilibrium  composition  of  the  constituent 
phases. 

1.  Solkt-Hqiad-phabe  diagram  of  Hg  Te-CdTa-  Te  system 

The  HgTe  and  CdTe  binary  compounds.form  a  contin 
uous  range  of  solid  solutions  with  the  zinc-blende  structure 
in  which  the  Hg  and  Cd  atoms  are  distributed  at  random 
oveT  the  sites  of  one  sublattice  while  the  Te  atoms  occupy  the 
sites  of  the  other.  The  Te-to-metal  ratio  remains  always  near 
unity. 

The  phase  diagram  of  this  material  system  exhibits  the 
complete  rangr  of  solid  solubility  between  HgTe  and 
CdTe.”  The  experimental  thermodynamic  data  leading  to 
the  phase  diagram  consist  mainly  of  optical  absorption  mea- 
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FIG  2  Liquidus  lines  for  CdTe  (upper)  and  HgTe  (lower)  binaries.'7  CdTe: 
squares  i  Ref  67,,  circles  (Ref  68),  triangles  (Ref.  69).  inverted  triangles  i Ref 
70).  diamonds  (Ref.  7 1 )  HgTe:  circles  and  tnangles  (Ref.  10).  inverted  trian¬ 
gles  (Ref  72).  squares  (Ref.  73). 

surements  of  the  partial  pressures  of  Hg,  Cd,  and  Te25*'59 
while  theoretical  calculations  assume  various  models  for  the 
liquid  phase 

In  the  regular  associated  solution  (RAS)  model  of  Jor¬ 
dan,  developed  for  binary  compounds,40'6 '  CdTe  molecules 
are  assumed  to  be  present  in  the  liquid  phase  and  interact 
with  one  another  and  with  uncombined  Cd  and  Te  atoms.62 
The  RAS  model  was  applied  to  a  ternary  system  by  Sza- 
piro,65  was  later  reexamined  by  Brebrick  et  al .44,65  and  Kel¬ 
ley  el  al,M  and  generalized  by  Tung  et  al.>1 


HgTe  CdTe 

FIG  3.  Liquidus  and  solidus  lines  in  the  HgTe-CdTe  peeudobinary  section 
of  the  Hg-Cd-Te  ternary  phase  diagram”,  circles  {Ref.  74|,  squares  on  soli- 
dus  line  (Ref.  59|,  squares  on  liquidus  line  (Ref.  75).  diamonds  (Ref.  761, 
triangles  (Ref.  10). 


FIG.  4  Liquid  isotherms  and  solid  solution  isoconcentration  lines  plotted 
according  to  the  GAS  theory  ” 


According  to  the  generalized  associated  solution  (GAS) 
model,57  the  liquid  phase  is  a  mixture  of  five  species,  viz.,  Hg, 
Cd,  Te,  HgTe,  and  CdTe.  These  species  interact  with  one 
another  like  in  a  subregular  solution  which  is  assumed  to 
have  temperature-dependent  interaction  coefficients  and 
dissociation  constants.  In  calculating  the  phase  diagram, 
certain  constraints  must  be  placed  on  the  parameters  con¬ 
cerning  the  liquidus  equations.  With  such  constraints  the 
thermodynamic  properties  of  the  stoichiometric  HgTe  and 
CdTe  liquids  become  consistent  with  the  known  enthalpies 
and  entropies  of  formation  of  solid  HgTe  and  CdTe. 

The  GAS  model  appears  to  be  the  most  successful  for 
predicting  the  phase  diagram  of  HgTe-CdTe-Te  in  excellent 
agreement  with  the  experiments.  A  detail  comparison 
between  the  GAS  theory  and  the  experiments  is  presented  in 
Figs.  2  and  3.  The  calculated  results  are  shown  in  these  fig¬ 
ures  as  solid  lines  while  the  experimental  data  are  shown  by 
symbols.  Figure  4  shows  the  liquidus  isotherms  and  solid 
solution  isoconcentration  lines  over  the  entire  Gibbs  compo¬ 
sition  triangle  of  the  Hg,  _  „Cd,Te  system.  Both  sets  of  lines 
shown  in  this  figure  have  been  calculated  using  the  GAS 
theory.57 

Kikuchi77'7*  has  proposed  a  pseudo  lattice-structure 
model  for  calculating  the  solid-liquid-phase  diagram  of  Hg- 
Cd-Te.  This  model  has  been  successful  in  predicting  the 
phase  diagram  in  the  Hg  and  Te  corners  but  has  failed  to 
describe  the  general  behavior  of  the  phase  diagram. 

2  LPE  growth 

LPE  growth  of  Hg,  „Cd,  Te  is  defined  by  (i)  the  com¬ 
position  of  the  liquid  solution  chosen,  (ii)  the  mechanism  of 
bringing  the  substrate  into  contact  with  the  melt,  and  (iii)  by 
the  growth  mode. 79 

(i)  Epilayers  of  Hg,  .Cd.Te  may  be  grown  from  Te-, 
Hg-,  and  HgTe-rich  solutions16  '7  (Fig.  5).  The  growth  from 
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FIG.  5.  Schematic  representation  of  the  Hg-Cd- 
Te  ternary  system  with  the  mixed  crystal 
Hg,  xCd,Te  represented  by  the  line  extending 
from  HgTeU  =■  0)  loCdTe(x  -lion  the  Gibbs 
composition  triangle  (bottom  i  Isothermal  tie 
lines  may  be  drawn  from  points  A.  B,  C  to  a  cer¬ 
tain  composition  (Hg,  ,DCd,(J  (Te  represented 
by  point  D  These  tie  lines  show  how  the  solidus 
cf'-nposition  at  point  D  grows  from  the  liqmrtus 
of  a  Te-nch  solution  (Hg,  , « Cd ^  l ,  ,.Te,4 
of  a  Hg-nch  solution  (Hg,  ,»Cd(al,  .ale,*, 
and  from  a  pseudobinary  or  HgTe-nch  solution 
( Hg,  .cCd.f-lo^Teo ,  Solidification  processes 
taking  place  dunng  LPE  are  shown  by  arrows 
or.  the  Hg-Te  binary  phase  diagram  (top  left., 
arj  on  the  pseudobtnary  section  of  the  Hg-Cd- 
Tc  ternary  phase  diagram  flop  right i 


X 


HgTe-rich  solutions  leads  to  uniform  composition  regions  of 
the  epilayer  but  results  in  graded  heterojunctions  of  about  20 
i urn  wide.  This  grading  is  due  to  the  increased  interdiffusion 
of  Hg  at  high  substrate  temperature  required  for  growth.*0 
However,  the  growth  from  HgTe-rich  solutions  has  an  ad¬ 
vantage  that  it  yields  easily  n-  or  p- type  layers  with  a  variety 
of  carrier  concentrations.  Growth  from  Hg-rich  solutions 
results  in  almost  abrupt  heterojunctions  and  the  best  surface 
morphology.  The  compositional  uniformity  is  usually  poor 
due  to  a  depletion  of  CdTe  from  the  melt.  Growth  from  Te¬ 
nch  solutions  produces  layers  with  excellent  compositional 
uniformity  and  a  relatively  narrow  interface  zone  (~3  pm). 
However,  in  this  case  the  layers  are  always  p-type  with  a 
high  carrier  concentration  of  10”  cm"!.  Annealing  in  Hg 
vapor  at  570  K  converts  the  layers  to  n-type  with  a  carrier 
concentration  of  about  10”  cm-'. 

The  convertion  process  of  sample  conductivity  occur¬ 
ring  when  annealing  the  sample  in  a  Hg  vapor  can  be  under¬ 
stood  by  assuming  that  vacancies  in  the  Hg-Cd  sublattice  act 
as  ionized  acceptors  and  that  vacancies  in  the  Te  sublattice 
act  as  ionized  donors  (this  assumption  is  an  accepted  fact 
now,  see  Ref.  8 1  and  Sec.  11 C  1  in  Ref.  2).  Annealing  of  the  p 
type  samples  after  growth  in  a  Hg-atmosphere  reduces  the 
metal  vacancy  concentration  to  a  level  below  that  of  residual 
extrinsic  ft-type  background  impurities  in  the  sample,  thus 
converting  the  conductivity  from  p  type  to  n  type.  For  epi¬ 
taxially  grown  films  of  thicknesses  in  the  10-20  pm  range, 
annealing  times  of  one  or  two  days  are  required.7’  The  final 
carrier  concentration  obtained  using  the  annealing  proce¬ 
dure  depends  on  the  level  of  residual  extrinsic  impurities  in 
the  film. 

The  role  played  by  vacancies  in  each  of  the  two 
Hg,.  „Cd,Te  crystal  sublattices  explains  also  why  the  as- 
grown  samples  crystallized  from  Te-rich  solutions  are  al¬ 
ways  p  type  and  those  crystallized  from  Hg-rich  solutions 
are  generally  n  type.'  7’ 


At  present  there  is  no  consensus  as  to  which  one  of  the 
growth  solutions  yields  the  best  quality  matenal  in  a  repro¬ 
ducible  way.  On  the  basis  of  the  citation  frequency  in  the 
literature, l4“'**7'M  growth  from  Te-nch  solutions  seems  to 
be  employed  most  often. 

(iij  Regarding  the  mechanism  of  bnnging  the  liquid  so¬ 
lution  and  the  substrate  into  contact  with  each  other  three 
different  approaches  have  been  applied:  (a)  tipping  the  melt 
on  and  off  the  substrate,  "''*5  (b)  dipping  the  substrate  into  the 
melt,”*''  and  Ic)  sliding  the  melt  on  and  off  the  sub¬ 
strate.14'7"7  Tipping  (Fig.  6)  may  not  be  suitable  for  a  pro¬ 
duction-type  process.  ’  However,  it  allows  performing  LPE 
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FIG  6.  Schematic  drawings  of  LPE  growth  iyttem*n:  {a,  tipper  ryelem, 
(b)  dipper  system,**  tnd  (c)  slider  system.11 
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F1G  7  l.'pper  panel  schematic  drawing  of  :nc  LPE  growth  system  after 
Wang  et  al |V;  lower  panel  temperature  profi.e  for  LPE  growth  in  this  sys¬ 
tem 

in  closed  evacuated  ampoullae. '*  It  avoids  the  loss  of  Hg 
and,  consequently,  results  in  an  accurate  control  of  the  Cd 
segregation  for  low  x  values. 

Dipping  is  particularly  well  suited  to  the  large-scale 
production  of  Hg  |  ,  CdxTeepi!ayers.  Relatively  large  melts 
ofO.  1  kg  can  be  used  to  minimize  the  melt  depletion  effects. 
Therefore,  man)  layers  can  be  grown  from  the  same  melt 
Melt  rotation  and  agitation  are  possible  which  ensure  proper 
melt  homogenization  before  the  growth.  The  substrate  can 
also  be  rotated  to  improve  the  compositional  homogeneity  in 
the  layers  across  the  entire  substrate.  Moreover,  continuous 
dipping  yields  increased  efficiency  of  the  process.  Multiple 
slice  dipping  may  also  prove  feasible  in  LPE  of 
He  ,Cd,Te 

The  dipping  technique  used  by  Wang  et  al. 15  under  high 
pressure  of  A  r  and  H2  gas  is  shown  in  Fig.  7.  This  experimen¬ 
tal  arrangement  enables  one  to  fabricate  not  only 
Hg,  ,Cd,Te  layers  in  the  range  of  x  from  0.17  to  0.4  but 
also  pure  CdTe  epilayers  as  well  as  Kg, .  _,Cd,Te-CdTe  he¬ 
terostructures  for  backside-illuminated  photodiodes. 8 J  It 
seems  especially  suitable  for  the  production  of  high-quality 
epilayers  for  infrared  detecting  and  imaging  devices. 

Growth  of  Hg,  _  .Cd.Te  epilayers  by  slider  boat  LPE 
in  production  quantities  has  not  been  reported  in  the  litera¬ 
ture.  Encouraging  results  have  beer,  achieved,  however,  in 
research  modes  of  operation. 14,714  Uniform  layers  to  within 
an  accuracy  of  0.0 1  mole  fraction  of  CdTe  across  the  layer 


and  the  bulk,  except  for  an  interdiffusion  zone  of  thickness  of 
3  yum,  have  been  obtained.1 7,88  Multilayer  growth  of 
Hg,  xCd.,Te  with  different  compositions  has  also  been 
studied.14,17 

The  slider  boat  technique  allows  one  to  obtain  clean  and 
smooth  surfaces  and  multilayer  structures  in  a  closely  con¬ 
trolled  and  reproducible  manner.  Main  disadvantage  is  the 
long  cycle  time  of  the  process  to  form  an  epilayer  and.  thus,  a 
limited  output  even  if  multisubstrate  slider  boats  are  used 
Other  problems  are  small  melt  volumes  and  losses  of  Hg 
from  the  melt.  The  loss  of  Hg  may  be  minimized  by  using  an 
external  Hg  source  placed  within  the  confines  of  the  boat  and 
generating  a  Hg  vapor  stream  over  the  growth  solution  h* 

(till  LPE  Hg,  ,Cd,Te  films  can  be  produced  with  :he 
aid  of  isothermal  growth,  equilibrium  (programmed!  cool¬ 
ing,  and  supersaturated  cooling. 

Growth  from  a  supersaturated  solution  in  the  isother¬ 
mal  growth  mode  is  accomplished  by  cooling  the  melt  down 
to  a  temperature  below  the  iiquidus  temperature  (T,  \  and 
subsequently  introducing  the  substrate  into  the  melt.  The 
driving  force  for  epitaxy  is  provided  by  supersaturation  (su¬ 
percooling)  related  to  the  temperature  difference  T,  —  Tg, 
where  TK  is  the  growth  temperature.  In  an  ideal  case,  the 
substrate  acts  as  the  only  region  where  nucleation  takes 
place 

In  equilibrium  cooling  the  substrate  and  the  melt  are 
brought  into  contact  at  or  slightly  above  T,.  Growth  is  ac¬ 
complished  by  decreasing  the  temperature  of  the  melt  and 
the  substrate  at  a  uniform  rate  As  the  melt  is  cooled,  the 
solution  concentration  exceeds  its  equilibrium  value  causing 
the  epilayer  formation  on  the  substrate  which,  again,  acts  as 
the  only  nucleation  site. 

Finally,  growth  from  a  continuously  cooled  supersatur¬ 
ated  solution  can  be  performed  In  this  case  growth  is  ob¬ 
tained  by  cooling  the  melt  and  the  substrate  (which  are  not 
yet  in  contact |  to  a  temperature  below  T,,  introducing  the 
substrate  into  the  melt,  and  further  cooling  the  melt  and 
substrate  at  a  uniform  rate. 

The  isothermal  supersaturation  and  the  programmed 
cooling  growth  methods  have  been  compared  by  means  of  a 
computer  simulation  procedure. 1X1  The  comparison  showed 
that  the  isothermal  supersaturated  LPE  is  superior  to  the 
programmed  cooling  method  regarding  the  uniformity  of 
the  epilayer  composition.  This  has  also  been  confirmed  by 
experiments.*1  The  isothermal  growth  also  allows  for 
greater  variations  in  the  growth  rates 

Another  approach  of  isothermal  LPE  of  Hg,  4  Cd,  Te 
is  Hg  pressure-induced  LPE  reported  by  Ruda  et  al  *2  *'  The 
principle  of  this  method  is  illustrated  in  Fig.  8.  Growth  is 
performed  from  Te-rich  solutions  under  strictly  isothermal 
conditions.  Growth  involves  the  generation  of  excess  Hg  in 
the  vapor  from  an  Hg  reservoir.  The  vapor  is  incorporated 
into  the  solution,  thereby  providing  its  effective  supersatura¬ 
tion.  The  contact  between  the  supersaturated  solution  and 
the  substrate  wafer  is  then  established  by  tipping  the  appara¬ 
tus  through  a  small  angle,  what  leads  to  growth  of  the  epitax  - 
ial  film.  This  method  enables  a  precise  control  of  the  solid 
compound  composition.  It  also  permits  in  situ  post-growth 
annealing  under  controlled  Hg  pressure. 
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FIG  8  Schematic  diagram  of  the  sealed  quartz  ampoule  for  Hg  pressure- 
induced  LPE  of  Hg,  .  JCd,Te,  and  illustration  of  the  growth  principle  A 
temperature  increase  d  T  of  the  mercury  reservoir  causes  a  supersaturation 
of  tbe  solution  (held  at  constant  temperature)  leading  to  growth  x,  is  the 
initial  composition  at  equilibrium  T ,  and  x,  is  the  composition  of  the  grow¬ 
ing  layer 


tions  to  improve  the  surface  morphology  of  epi'f.y.u  it  m, 
that  obtained  by  LPE  at  present. 

D.  VPE  of  Hg,  .Cd,~e-CdTe  hetet  structures 

Vapor-phase  epitaxy  refers  to  the  formation  of  an  epi¬ 
taxial  film  from  a  gaseous  medium  of  different  or  the  same 
chemical  composition.'3  The  various  techniques  that  have 
evolved  for  VPE  grow  h  of  crystalline  materials  fall  roughly 
into  two  categories,  depending  on  whether  the  species  are 
transported  physically  tir  chemically  to  the  deposition  zorv. 

In  the  physical  transport  techniques  referred  to  -n 
physical  vapor  deposit  on  iPVD|  processes],  the  compound 
to  be  grown  is  vaporized  from  a  polycrystal  line  or  amor 
phous  source  at  a  high  local  temperature  and  subsequent 
\i  asported  down  a  temperature  or  pressure  gradient  .mo 
deposited  on  the  substrate  in  the  absence  of  any  chemical 
change. 

In  the  chemical  ransport  techniques  (referred  u-  a> 
chemical  vapor  deposition  (CVD)  processes:  a  condensed 
phase  reacts  initially  v  ith  a  transport  agem  and  produces 
volatile  species  which,  ;n  another  region  under  different  con¬ 
ditions,  will  undergo  c.  chemical  reaction  to  form  a  con¬ 
densed  phase  again.  CVD  processes  require  Kith  a  sou*ce 
and  a  transport  agent,  whereas  PVD  processes  employ  mdc 
gaseous  reactants  which  are  stable  at  room  tcmjxraturv  j-  1 
require  no  separate  condensed  phase." 

Hg,  ,CdxTe  films  have  been  grown  by  both  VPE  iah- 
mques  with  encouraging  results,  although  the  CV  D  tech 
mque  seems  to  be  the  more  perspective  one  *’4 


Liquid-phase  electroepitaxy  (LPEE)  has  also  been  em¬ 
ployed  for  growing  Hg,  _ ,  Cd,  Te  epilayers  on  CdTe  ( 1 1 1 ) A 
substrates94  from  a  Te-rich  solution  in  an  open-tube  slider 
system.  In  LPEE,  an  electric  current  is  passed  through  the 
interface  between  the  substrate  and  the  melt.  Since  the  sub¬ 
strate  is  a  semiconductor  and  the  solution  is  a  metal,  they 
have  different  thermoelectric  coefficients.  Thus,  the  flow  of 
electnc  current  across  their  interface  is  accompanied  by  ab¬ 
sorption  or  evolution  of  heat  (Peltier  effect),  depending  on 
the  direction  of  the  current.  The  temperature  change  at  the 
interface  depends  on  electrical  parameters  of  the  substrate, 
current  density,  thickness  of  the  substrate,  and  the  growth 
cell  geometry.95  LPEE  has  been  found  to  have  certain  advan¬ 
tages  over  more  conventional  LPE.96  In  LPEE  the  growth 
velocity  and  doping  are  readily  controlled  by  the  current 
density  because  the  driving  forces  in  this  process  are  Peltier 
effect-induced  temperature  gradients  (solute  convection)  as 
well  as  electric  fleld-induced  electromigration  and  electro- 
transport  of  ionized  particles  in  the  melt.  The  surface  mor¬ 
phology  and  defect  structure  are  improved  and  the  interface 
stability  is  enhanced. 

To  summarize,  the  LPE  procedures  have  made  it  possi¬ 
ble  to  make  large-area  Hg,  _  x  Cd,Te  epilayers  on  CdTe  sub¬ 
strates.  It  has  recently1*  become  a  production-worthy  pro¬ 
cess.  Several  problems,  especially  the  difficulties  in 
reproducing  the  films  with  low  earner  concentrations,  still 
remain  unsolved.  It  also  seems  necessary  for  many  applica- 
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1.  CVDofHg,  ,  Cd„  Te-CdTe  heterostructures 

The  selection  of  a  chemical  process  for  epitaxial  grow  \  h 
is  influenced  by  a  number  of  factors,  such  as  the  availability 
of  sufficiently  pure  reactants,  their  compatibility  with  the 
substrate  and  the  growtn  apparatus,  and  the  thermodynam¬ 
ics  of  the  process  involved.  A  thermodynamic  analysis  is 
essential  not  only  for  finding  the  optimum  growth  condi¬ 
tions  but  also  for  designing  the  apparatus.97  It  further  pro¬ 
vides  an  important  estimate  of  the  extent  to  which  the  system 
tends  to  deviate  from  equilibrium.  Epitaxial  growth  must 
occur  under  relatively  low  gas-phase  supersaturations  <■ 
that  the  partial  pressures  of  reactants  do  not  deviate  exces 
sively  from  those  at  equilibrium.  If  the  arrival  rale  of  reac¬ 
tant  species  greatly  exceeds  the  nucleation  and  lattice  incor¬ 
poration  rate  at  the  crystal  surface,  poor  crystal  struct uie 
will  result.  High  fluxes  of  reactants  increase  the  probability 
of  misoriented  two-dimensional  nucleation  and  yield,  in  se 
vere  cases,  polycrystallinc  layers.  In  addition,  excessive  su¬ 
persaturation  may  lead  *o  three-dimensional  nucleatton  in 
the  gas  phase  with  the  resultant  nuclei  falling  onto  the  sub 
strate  surface  to  produce  misoriented  regions  within  the  lay 
crs. 

Two  different  growth  procedures  for  the  epitAxy  of 
Hg,  _ ,  Cd„Te  by  CVD  have  been  reported  until  now.  These 
are  the  chemical  vapor  transport  process  in  a  closed  ampoule 
using  Hgl2  as  a  transport  agent, 19  *  and  metalorganic  CVD 
in  an  open-tube  flow  system  where  vapors  of  {CH,)2Cd, 
(C2H,)2Te,  and  Hg  in  F:  are  used  as  reactants.30-34  99 ' 00  In 
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both  these  cases,  single-crystal  CcTe  platelets  have  been 
used  as  substrates. 

In  the  closed  ampoule  growth  procedure1'9  [Fig.  9(alj, 
Hg<,  a  Cd,  j  Te  has  been  used  as  a  source  material.  This  mate¬ 
rial  and  the  Hgl,  transport  agent  were  synthesized  from 
high-purity  elements'98  and  then  placed  in  a  pretreated  fused 
silica  ampoule.  (The  substrate  was  positioned  at  the  tube  end 
opposite  to  the  source.)  Growth  was  performed  in  a  trans¬ 
parent,  two-zone  tubular  resistance  furnace  made  out  of 
fused  silica  tubing  which  allowed  direct  visual  observation. 
The  chemical  reactions  in  this  system  were  very  complex. 
Exploratory  studies  suggested  that  under  these  conditions 
the  mass  transport  was  controlled  by  diffusion  of  transport 
species  (Hgl„  Cdl2,  and  Ted  through  the  gas  phase  contain¬ 
ing  predominantly  Hg  vapor  No  data  indicating  the  purity 
leg.,  iodine  contamination)  or  the  composition  of  the 
Hg,  ,Cd„Te  films  grown  with  this  technique  have  been 
published  so  far. 

In  the  experiment  of  metalorganic  CVD20'22101  vapors 
of  |CH,)2Cd  and  (C2H5|2Te  were  transported  in  a  H2  gas 
stream  through  an  open  cold-wall  silica  tube  [Fig.  9(b)] 
where  they  reacted  on  the  surface  of  a  CdTe  substrate  in  the 
presence  of  a  Hg  vapor  flow.  The  substrate  was  placed  on  a 
if- Heated  carbon  susceptor  the  temperature  of  which  was 
maintained  constant  at  683  K  The  use  of  Hg  vapor  instead 
of  a  Hg  alkyl  was  preferred  on  account  of  its  reduced  toxicity 
compared  to  the  alkyl.2 1  A  theoretical  prediction  of  the  mole 
fraction  of  Cd  in  the  epilayer  is  very  difficult  on  the  basis  of 
the  input  flows  of  Cd  alkyls  and  Hg  vapor  because  of  the 
complex  nature  of  the  transport  anc  pyrolysis  (thermal  de¬ 
composition!  phenomena.20'02  Nevertheless,  if  one  assumes 
that  there  is  a  steady-state  growth  condition,  an  analysis  of 
concentrations  of  the  components  t  djacent  to  the  solid-va- 
por  growth  interface  can  provide  a  guide  to  the  controlling 
parameters.  The  pyrolysis  of  the  reactant  alkyls  can  be 
deemed  a  kinetic  parameter  which  is  a  rate  factor  controlling 
the  supply  of  the  elements.  The  incorporation  of  Cd  and  Hg 
into  Hg,  „  Cd,  Te  wili  then  be  determined  by  the  concentra¬ 
tion  of  the  elements  present  at  the  interface  and  by  the  ther¬ 
modynamic  properties  of  the  various  chemical  species.  If  the 
growth  is  performed  with  only  one  solid  phase  and  a  gas 
phase,  then  the  thermodynamic  system  will  possess  four  de¬ 
grees  of  freedom  on  assumption  that  the  input  species  are 
(CH,)2Cd,  (C2H?|2Te,  Hg,  and  H2.  If  the  total  pressure  and 


temperature  are  regarded  as  independent  variables,  then  the 
choice  of  ratios  :TeJ/  H  and  Cdj/|H;  should  determine  the 
solid  composition.  This  is  clear,  because  for  Hg, . ,  CdxTe,  x 
is  determined  by  the  relation 


x 


,Cd; 

Cd  +  Hg 


;Cd|  ,Cd 

-Cd|  —  -[Tel  -  |Cd|)  !Te; 


(II. 1 1 


The  results  of  experiments  in  Refs.  20  and  100  indicate  that  x 
is  a  function  of  substrate  temperature.  At  temperatures  be¬ 
low  653  K,  the  epilayers  obtained  were  essentially  CdTe 
(x  =  1).  As  shown  below,  this  temperature  was  too  low  for 
Hg  reactions  to  produce  Hg,  _ ,  Cd,  Te  A  similar  depen¬ 
dence  of  x  on  substrate  temperature  was  also  found  by  Vohl 
and  Wolfe105  in  their  VPE  study  of  Hg,_,Cd,Te  grown 
from  the  elements.  The  temperature-dependent  behavior  of 
x  is  related  to  pyrolysis  of  the  Cd  and  Te  alkyls.20  iCH});Cd 
decomposes  more  rapidly  than  |C2H?)2Te.9''  The  lowest  tem¬ 
perature  for  100%  pyrolysis  of  (C2H5)2Te  is  about  723  K 
while  that  for  (CH,)2Cd  is  about  650  K  (at  623  K  the  yield  of 
Te  is  found  to  be  only  1  %  while  the  yield  of  Cd  is  still  appre¬ 
ciable).  If  equivalent  flows  of  |C2H,)2Te  and  (CH,)2Cd  in  H, 
are  pyrolyzed  in  the  presence  of  a  CdTe  substrate,  the  pyro¬ 
lysis  is  monitored  by  the  growth  rate  of  a  CdTe  layer.  Hg 
begins  to  react  with  the  Te  alkyl  only  above  673  K,  produc¬ 
ing  Hg,  . Cd, Te.  This  temperature  is  consistent  with  the 
finding  that  formation  of  HgTe  from  the  pyrolysis  of 
(C2H5)2Te  falls  off  rapily  below  683  K.  Clearly,  one  may  now 
explain  the  temperature  dependence  of  x  in  metalorgamc 
CVD  The  Cd  alkyl  reacts  with  the  Te  alkyl  and  thermally 
decomposes  at  temperatures  below  683  K  (down  to  about 
633  K),  resulting  in  the  growth  of  CdTe.  An  incorporation  of 
Hg  into  CdTe  requires  the  presence  of  metallic  Te  because 
Hg  does  not  form  an  adduct  with  (C2H,|2Te.  An  effective 
pyrolysis  of  (C2H,)2Te  producing  metallic  Te  occurs  at  tem¬ 
peratures  above  683  K  and,  thus,  places  this  lower  limit  for 
growth  temperature  of  Hg,  _,Cd,Te.  Reducing  the  tem¬ 
perature  below  this  value  simply  progressively  increases  the 
proportion  of  CdTe  over  HgTe  in  the  layer,  as  is  found  ex¬ 
perimentally.20 

The  chemical  purity  of  Hg,  _  ,Cd,Te  epitaxial  layers 
grown  with  the  metalorganic  CVD  method  has  been  investi¬ 
gated  by  using  secondary  ion  mass  spectrometry  (SIMSl.22 
These  investigations  have  revealed  a  significant  impurity 
concentration  enhancement  of  a  number  of  elements  (Li,  Na, 
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K,  Al,  Ga,  In,  and  Mn)  at  the  Hg,  ,  Cd,  Te-CdTe  heteroin¬ 
terface  The  magnitude  of  this  enhancement  effect  has  been 
measured  but  the  origin  of  the  effect  has  not  been  found. 

Hall  mobility  measurements  performed  recently  on  n- 
type  Hgog,Cdol7Te  layers  grown  with  the  MOCVD  tech¬ 
nique24  have  confirmed  the  applicability  of  this  technique  for 
growing  device-quality  layers.  The  electron  mobility  of 
2.45  X  103  cnr/'V  s  at  77  K  reported  for  samples  with  a  car¬ 
rier  concentration  of  3.8XI01’ cm  '  is  comparable  to  the 
values  characteristic  of  the  best  n-type  layers  grown  by  LPE 
and  post-growth  annealed  in  a  Hg  atmosphere  ’3 

2.  PVO  olHg,  _  MCd Te-CdT a  heterostructures 

ThePVD  growth  technique  employs  the  evaporation  of 
the  source  material  (HgTe  or  HgCdTe),  the  pressure  gradi¬ 
ent-induced  transport  of  the  vapor  to  the  CdTe  substrate, 
condensation  on  the  substrate  surface,  diffusion  of  the  trans¬ 
ferred  atoms  into  the  substrate,  and  diffusion  of  Cd  atoms 
from  the  substrate  into  the  growing  layer.  The  CdTe  sub¬ 
strate  and  the  source  material  are  typically  placed  at  a  short 
distance  from  each  other  in  a  sealed  quartz  ampoule  that  is 
heated  under  isothermal  conditions  l04, 105  Epitaxial  growth 
proceeds  because  the  partial  pressures  of  Hg,  Cd,  and  Te 
exceed  the  dissociation  pressures  of  Hg,  „Cd,  Te  lay¬ 
ers,  ,0<l-,0, 

A  given  value  of  a:  can  be  obtained  by  selecting  the  prop¬ 
er  source  composition  and  the  growth  temperature.  Then  x 
increases  with  increasing  temperature.  The  layers  grown  at 
lower  temperature  are  strongly  p  type,  while  at  higher 
growth  temperatures  the  layers  become  n  type  in  the  as- 
grown  state.105 

At  the  optimum  growth  temperature  the  mobility  of  the 
charge  carriers  reaches  its  maximum  value  and  the  carrier 
concentration  passes  through  a  minimum.  Electron  mobili¬ 
ties  as  high  as  3.4  X  105  cm2/V  s  at  77  K  for  HgoMCdo  ltTe 
samples  with  electron  concentration  n  =  1015  cm-3  have 
been  reported. 105 

A  modification  of  isothermal  PVD  growth  has  been 
presented  by  Becla  el  al.,"°  who  introduced  a  pure  Hg 
source  into  the  sealed  ampoule  in  a  second  thermal  zone, 
thus  reducing  the  number  of  parameters  controlling  the  epi- 
taxtal  growth  of  Hg,  _  ,Cd,Te  layers  on  CdTe  substrates  to 
only  two;  i.e.,  to  the  source-substrate  temperature  (growth 
temperature)  and  the  temperature  of  the  Hg  source.  It  has 
been  shown  that  isothermal  growth  under  a  controlled  Hg 
vapor  pressure  (two-thermal  zone  configuration)  permits  a 
convenient  and  precise  control  of  the  composition,  the  type 
of  conductivity,  and  the  mobility  of  carriers  of  the 
Hg,  ,Cd„Te  layers.  It  also  ensures  a  perfect  surface  mor¬ 
phology  of  the  layers. 

Although  the  closed-tube  isothermal  PVD  technique 
yields  Hg,  _  „Cd„Te  layers  with  excellent  electrical  proper¬ 
ties  and  perfect  surface  morphology,  it  may  limit  the 
throughput  of  the  growth  processes  for  manufacturing  pur¬ 
poses  because  of  the  need  for  sealing  the  growth  ampoules. 
However,  Shin  and  Pasko23  recently  developed  an  open-tube 
isothermal  PVD  method  which  seems  to  be  able  to  overcome 
this  disadvantage  and  produces  device-quality 
Hg,.  ,Cd„Te  (0.2<jc<0.35)  epitaxial  layers  on  CdTe  sub¬ 
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strates.  Photovoltaic  infrared  detectors  with  a  cutoff  wave¬ 
length  of  4.1  pm  at  7°  K  were  fabricated  on  those  layers. 
Their  performance  was  comparable  with  those  obtained  for 
such  devices  when  fabricating  on  LPE  Hg, .  „  Cd,  Te  layers. 

E.  MBE  of  Hg,  _  ,Cd,Te-CdTa  heterostructures 

Molecular  beam  epitaxy1  "_"3  is  an  epitaxial  growth 
process  by  which  thin  layers  of  different  compounds  crystal¬ 
lize  via  reactions  between  thermal-energy  molecular  or 
atomic  beams  of  the  constituent  elements  and  a  substrate 
surface  which  is  maintained  at  an  elevated  temperature  in 
ultrahigh  vacuum.  Characteristics  of  Hg, .  ,Cd,Te  MBE 
are  distinguished  from  those  of  LPE  and  VPE  in  many  ways: 

(i)  MBE  growth  has  a  relatively  low  rate  of  typically  1 
yum/h; 

(ii|  a  low  growth  temperature  (373-493  K.); 

(iii)  the  ability  of  abrupt  cessation  or  initiation  of 
growth,  as  mechanical  shutters  for  each  effusion  source  of 
the  constituent  elements  can  be  used; 

(iv)  a  smoothing  of  the  surface  of  the  growing  crystal  on 
an  atomic  scale; 

(v)  the  facility  for  in  situ  analysis. 

As  a  result  of  these  favorable  features,  MBE  provides 
Hg, .  ,Cd,Te  epilayers  and  HgTe-CdTe  superlattice  struc¬ 
tures  at  a  device-quality  level.27'30 

The  basic  process  of  MBE  growth  is  schematically  illus¬ 
trated  in  Fig.  10.  The  molecular  beams  are  generated  under 
ultrahigh  vacuum  conditions  from  Knudsen-type  effusion 
cells,"4  "5  whose  temperatures  are  accurately  controlled 
Intensities  of  the  projected  beams  are  determined  by  the  tem¬ 
peratures  of  the  effusion  cells.  Choosing  appropriately  the 
substrate  and  cell  temperatures,  epitaxial  films  with  desired 
chemical  compositions  can  be  obtained.  Operation  of  the 
shutters  permits  a  rapid  changing  of  the  beam  species  for 
abrupt  alteration  of  the  composition  and  doping.  The  unifor¬ 
mity  in  the  film  composition  and  crystal  structure  depends 
on  the  uniformities  of  the  molecular  beams  across  the  sub¬ 
strate. 

Although  a  number  of  CdTe  epilayers  have  been  pre¬ 
pared  by  MBE  on  various  substrates  since  1975,"'’ 117  the 


FIO.  10.  Illustration  of  the  eawntial  elements  of  a  MBE  system  for  fabrics! - 
ip.|  doped  ternary  compounds  The  three  zones  where  the  mam  physical 
phenomena  of  MBE  occur  are  indicated. 1 14 
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first  homoepitaxial  growth  of  these  layers  on  CdTe  sub¬ 
strates  was  reported  not  until  1981.  'Soon  after  this,  Faune 
el  al.  and  Chow  el  15  succeeded  in  preparing  epi¬ 

taxial  Hg,  _  ,Cd„Te  films  as  well  as  multilayer  structures 
consisting  of  a  series  of  alternate  layers  of  CdTe  and 
HgTe.130  Faurie  and  Million"4  grew  the  epilayers  using 
CdTe  (U1)B  as  substrates  which  were  maintained  at  373— 
393  K.  Crystal  structure  was  reasonably  good  for  the  film 
thicknesses  smaller  than  I  /im  hut  became  poor  for  thicker 
films,  earner  mobilities  were  low  due  to  a  short  mean  free 
path  of  electron  scattering  (about  100  nm|  caused  by  mi¬ 
crotwins  in  the  layers.  Crystal  structure  could  be  improved 
by  post-growth  anneal  for  about  1C  h  a*  573  K,35  an  effect 
indicative  of  too  low  growth  temperature.  Since  the  sticking 
coefficient  of  Hg  decreases  as  temperature  is  increased,  a 
metallic  Hg  vapor  source  rather  than  a  HgTe  compound 
source16  was  preferred  to  yield  a  sufficiently  high  flux  of  Hg 
The  Hg  cell  was  transferable  and  was  introduced  into  the 
growth  chamber  only  during  the  actual  deposition  in  order 
to  reduce  the  pressure  in  the  growth  chamber.  With  such  a 
cell  the  Hg  flux  of  10"  atoms  cm  ~ 3  s~ 1  could  be  maintained 
for  several  hours  at  the  growth  temperature  of  453  K.  These 
epilayers  were  n  type,  exhibiting  low  carrier  concentration 
and  high  electron  Hall  mobilities,  i  7x  104  cm2  V" 1  s“  '  at 
300  K  and  1.85  X  105  cm!  V" 1  s~ 1  at  77  K.  These  results  are 
close  to  the  best  values  obtained  by  other  growth  methods.36 
Epilayers  of  p  type  obtained  by  growing  the  films  at  high 
temperature  or  at  a  reduced  Hg  flux  have  also  shown  satis¬ 
factory  electrical  properties. 121 

The  theory  of  MBE  growth  of  Hg,  „  Cd,  Te-CdTe  he¬ 
terostructures  is  still  in  its  infancy.  Preliminary  consider¬ 
ations'  33  have  shown,  however,  that  the  growth  rate  R  of  the 
Hg,  _ ,  Cd.Te  epilayer  is  given  by  the  ratio  of  the  number  of 
Te  atoms  sticking  in  the  growing  surface  to  the  number  of 
atoms  per  cm’  present  in  the  HgCdTe  alloy,  N, 


2kTrFUi 

N 


(11.2) 


The  alloy  composition  x  is  determined  by  the  relative  incor¬ 
poration  rates  of  Hg  and  Cd  atoms  into  the  crystal.  Thus  x 
may  be  expressed  as 


k„:  F r. 
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It  is  assumed  that  at  the  growing  interface  the  relation 

(*h.  fu.  -  F 4, )  +  Fc<  =  (U.4) 

is  satisfied  (the  factor  of  2  accounts  for  the  fact  that  tellurium 
evaporates  as  a  dimer).  Here  F is  the  flux  of  the  Hg  atoms 
lost  from  the  surface  of  the  HgCdTe  layer  on  sublimation; 

*  F<* «  and  FTt,  are  the  elemental  beam  fluxes  from  the 
effusion  cells;  and  kHt ,  kc4 ,  and  kT^  are  the  respective  stick¬ 
ing  coefficients  of  these  elements  on  the  substrate  surface. 
The  Hg  flux  required  to  grow  a  given  alloy  composition  for  a 
fixed  substrate  temperature  and  growth  rate  can  be  calculat¬ 
ed  from  the  formula 


r  xFZ,  -Ml  -xlkcfc. 

rH, - - - .  111-51 

"Hi 

provided  that  the  sticking  coefficients,  which  are  determined 
by  the  thermal  energy  of  the  substrate  surface  and  by  chemi¬ 
cal  attachment  kinetics,  are  known. 

It  can  be  concluded  that  the  growth  rate  of  MBE 
Hg,  ,  Cd, Tc  is  determined  primarily  by  the  Te;  flux  and 
secondarily  by  the  Cd  flux  plus  the  amount  of  the  Hg  flux 
necessary  toequal  the  Te,  flux.  It  is  also  clear  from  Eq  (II. 3 1 
that  the  x  value  is  determined  by  the  Cd/Te  flux  ratio,  simi¬ 
larly  to  the  case  of  MOCVD.  However,  according  to  other 
authors  (Faurie,  private  communication!  experiments  show 
that  the  Hg/Te  ratio  also  has  an  influence  on  the  x  value. 

We  complete  this  section  by  noting  that  at  least  one 
more  technique  may  be  worth  trying  in  attempts  to  fabricate 
Hg,  ,Cd,Te.  This  technique  is  atomic  layer  epitaxy.53 
Many  high-quality  II- VI  compound  films,  for  example,  sin¬ 
gle-crystal  CdTe  and  semimagnetic  Cd, _,Mn,Te,ia,2< 
have  already  been  grown  by  ALE.  To  the  best  of  our  knowl¬ 
edge,  no  attempt  has  yet  been  made  to  grow  Hg,  ,Cd,Te 


F.  Epitaxy  ot  HgTe-CdT  a  auperlatttces 

The  HgTe-CdTe  superlattice  consisting  alternately  of 
HgTe  and  CdTe  layes,  repeated  several  times,  is  a  limiting 
case  of  a  multiheterostructure  of  Hg,  _  ,Cd,  Te-CdTe  (with 
x  =  0).  For  example,  HgTe-CdTe  supcrlattices  with  18-nm 
HgTe  layers  and  4-nm  CdTe  layers,  repeated  100  times,  have 
been  grown  using  MBE  .3,'3°'35  MBE  is  well  suited  for 
growing  superlattices  because  (i)  growth  temperature  is  low 
and,  therefore,  serious  interdiffusion  is  avoided;  this  fact  en¬ 
sures  the  required  abruptness  of  heterointerfaces  in  the  su- 
perlattice;  and  (ii)  MBE  HgTe  and  CdTe  layers  of  the  super¬ 
lattice  possess  sufficiently  high  structural  perfection136  and 
may  still  be  improved  in  the  near  future.30 

SIMS  and  Auger  depth  profiling  measurements  of 
HgTe-CdTe37,135  have  revealed  that  this  periodic  structure 
consists  of  distinct  layers  of  HgTe  and  CdTe  with  an  interdif¬ 
fusion  depth  of  only  40-50  A  which,  in  fact,  represents  a 
limit  of  depth  resolution  of  the  profiling  methods  used.  A 
minimal  Hg  interdiffusion  has  been  evidenced  also  by  using 
optical  reflectance  measurements. 135 

RHEED  (reflected  high-energy  electron  diffraction)  in¬ 
vestigations  have  shown130  that  the  growth  temperature 
plays  an  important  role  in  MBE  of  the  HgTe-CdTe  superlat¬ 
tices.  Like  for  single  epitaxial  layen,  as  the  substrate  tem¬ 
perature  is  increased,  e.g.,  from  390  to  473  K,  a  crystal  per¬ 
fection  improvement  occurs  for  both  CdTe  and  HgTe  layers 
However,  below  473  K  the  epitaxy  occurs  with  more  diffi¬ 
culty  for  CdTe  than  for  HgTe,  and  the  HgTe  crystal  quality 
seems  better  than  the  CdTe. 

So  far,  HgTe-CdTe  superlattices  have  been  grown  on 
CdTei 111)  substrates  by  using  three  different  effusion  cells. 
Elemental  Hg  and  Te  have  been  used  as  sources  to  grow 
HgTe  layers  and  a  single  CdTe  source  to  grow  CdTe.  The 
deposition  rate  for  both  CdTe  and  HgTe  layen  has  been  held 
constant  at  about  2  monolayers/s.  The  highest  crystal  quali¬ 
ty  has  been  obtained  at  the  growth  temperature  of  473  K. 
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FIG .  1 1 .  Photoe  natation  processes  |a|  and  pnn  - 
ciples  of  photon  detectors  (b). 


III.  APPLICATIONS  OF  Hg, .  .Cd.Te-Hg,  _  ,Cd„T« 
HETEROSTRUCTURES  IN  THE  INFRARED  DETECTION 
TECHNIQUE 

Photovoltaic  and  photoconductive  effects  in  semicon¬ 
ductors  are  widely  used  for  detecting  infrared  radiation.  A 
schematic  illustration  of  photoexcitation  processes  and  the 
principles  of  photovoltaic  and  photoconductive  detectors 
are  shown  in  Fig.  1 1 .  When  cooled  down  to  low  temperature 
these  detectors  offer  very  high  detectivities.151  Thermal 
imaging,  space  surveillance,  detection  of  high-bit  rate  optical 
fiber  communication  signals,  and  other  commercial,  medi¬ 
cal,  and  military  applications  have  become  possible  with  the 
Hgi-.Cd.Te  material  in  a  broad  wavelength  region  from 
0.9  to  30  n m  and  beyond.  Owing  to  many  interesting  prop¬ 
erties  of  Hg,  _„Cd.Te,  a  variety  of  detectors  can  be  fabri¬ 
cated  for  operation  in  the  photovoltaic  and  photoconductive 
modes.  Also,  several  types  of  infrared-sensitive  metal-insula¬ 
tor-semiconductor  (MIS)  devices  including  charge  coupled 
devices  (CCDs),  charge  injection  devices  (CIDs),  and  metal- 
oxide-semiconductor  field-effect  transistors  (MOSFETs) 
have  been  made  by  using  Hg|  _ ,  Cd,  Te. 1 

A.  Photodiode*  with  passive  Hg,  _  ,Cd,Te 
Itetsrointerfacss 

Significant  advances  in  device  performance  have  been 
achieved  by  incorporating  the  p-n  homojunction  consisting 
of  Hg,  _,Cd,Te  into  a  heterostructure  configuration 
formed  in  contact  with  CdTe.  This  configuration  has  made  it 
possible  to  use  the  backside  illumination  mode  of  photo¬ 
diodes  with  improved  quantum  efficiency  and  reduction  in 
noise.1- 

A  variety  of  methods  has  been  used  to  construct  the  p-n 
junctions  in  Hg,  ..Cd.Te.  Both  n-on-p  and  p-on-n  junc- 
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tions  have  been  formed.  Junction  formation  techniques  in¬ 
clude  ion  implantation  of  donors  and  acceptors.’' 159  high- 
energy  proton  bombardment,  diffusion  of  donors  and 
acceptors,*0130  in -diffusion  and  out-diffusion  of  Hg.  cre¬ 
ation  of  p-type  surface  layers  on  n-type  material  by  intense 
pulsed  laser  radiation,  and  in  situ  cosputtering  of  donors  and 
acceptors.'  It  appears  that  the  ion  implantation  and  Hg  in- 
diffusion  are  the  most  significant  techniques  for  preparing 
high-performance  infrared  photodiodes. 

An  aim  in  designing  an  infrared  detector  is  to  provide 
efficient  illumination  of  the  absorbing  material  by  only  those 
photons  which  have  their  energy  within  the  desired  spectral 
band. ' 21  Frontside  illumination  of  the  detector  is  a  relatively 
simple  conventional  method.  In  frontside  illumination  the 
photon  absorption  takes  place  near  the  surface  layer  of  the 
p-n  junction  [Fig.  12(a)].  Unfortunately,  recombination  of 
carriers  at  the  surface  appreciably  reduces  the  quantum  effi¬ 
ciency  of  this  structure,  in  particular,  at  high  photon  ener¬ 
gies  with  large  absorption  coefficients.  Reliability  and  effi¬ 
ciency  of  device  performance  are  improved  if  a  wide-gap 
semiconductor  film  (e.g.,  CdTe)  is  depositied  onto  the  bulk 
photoabsorbing  material  [Fig.  12(b)].  Now  absorption  of  the 
desired  radiation  begins  in  the  bulk.  If  the  recombination 
rate  at  the  heterointerface  is  lower  than  that  in  the  surface  of 
the  bulk  material,  the  de  ice  efficiency  is  increased  relative 
to  the  p-n  junction  structure  [Fig.  12(a)]  mentioned  above.  A 
backside  illumination  configuration  [Fig.  12(c)]  is  a  further 
improvement  in  design.  The  optically  active  area  is  now  lo¬ 
cated  behind  a  wide-gap  semiconductor  substrate  which  acts 
as  spectral  filter  for  incident  radiation.  In  this  case,  filtering 
is  independent  of  the  angle  of  incidence  and  can  be  per¬ 
formed  at  the  detector  temperature.  A  reduction  in  the  vol¬ 
ume  of  the  absorbing  narrow-gap  semiconductor  leads  to 
reduction  in  the  noise  of  the  detector.  A  sophisticated  bet- 
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FIG.  12.  Schematic  illustrations  of  different 
photodiode  structures  dcaigncd  to  achieve  opti¬ 
cal  illumination  of  the  active  layer  with  energy 
gap  £(  <  hv.  ja)  Conventional  frontside  illumi¬ 
nation,  (b|  frontside  illumination  through  a  wide 
band-gap  layer  with  £«,  >  Et ,  |c)  backside  illu¬ 
mination  through  a  wide  band-gap  substrate,  (d) 
backside  illumination  with  spectral  filtering  m 
an  multilayer  heterostructure. ' 21 


erostructure  photodetector  is  illustrated  in  Fig.  12(d).  Filter¬ 
ing  is  performed  by  a  set  of  step-graded  buffer  layers  and  a 
thick  filter  layer  which  forms  an  interface  with  the  absorbing 
active  layer  of  the  p-n  junction.  The  main  role  of  the  buffer 
layers  is  the  matching  of  the  lattice  parameters  between  the 
substrate  and  the  filter  layer  to  diminish  the  interface  recom¬ 
bination  processes.  It  is  also  possible  in  this  detector  to  place 
the  heterointerface  directly  in  the  p-n  junction  region.  This 
configuration  would  maximize  the  quantum  efficiency  of  the 
diode  at  high-modulation  frequencies  because  photon  detec¬ 
tion  may  take  place,  at  sufficiently  high  reverse  bias,  within 
the  depletion  region  of  the  heterojunction. 

In  the  infrared  detecting  technique  using  discrete  di¬ 
odes  heterostructures  with  backside  illumination  promises 
the  highest  performance  level  accessible  today.  As  illustra¬ 
tive  examples,  we  discuss  next  two  different  Hg,  _  ,  Cd„  Te- 
CdTe  heterostructure  photodiodes. 


1.  Mosaic  of  mesa  photodiodes 

First,  a  backside  illuminated  mesa-type  diode  grown  by 
LPE34  is  shown  in  Fig.  13.  This  structure  is  prepared  as  a 
part  of  a  mosaic  of  separately  supplied  mesa  diodes  which 


FIO.  33.  Cowtnjctioo  of  >  maw-type  HSi  -  ,Cd,Te-CdTc  heteratfructure 
photodiode  aonfe.” 
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FIG.  14,  |al  Temperature  variation  of  the  mesa-type  diode  spectral  re¬ 
sponse,  and  (b|  a  RA  product  vs  l/r  data  for/i„~ll  pm  at  77  K  “ 


are  all  deposited  onto  a  common  CdTe  substrate.  The  tem¬ 
perature  variation  of  the  spectral  response  and  the  resistance 
area  (RA)  product-versus- 1  / T  plot  of  these  diodes  are  dis¬ 
played  in  Fig.  1*. 

For  the  mesa  mosaic  device,  a  p- type  Hgo^Cdoj.Te 
epilayer  of  an  area  of  12x20  mm!  was  deposited  from  a 
saturated  Te  solution  onto  a  CdTe  (11!)A  substrate.  The 
epilayer  showed  an  acceptor  carrier  concentration  on  the 
order  of  Jx  10“  cm-5  and  a  Hall  mobility  of  the  majority 
carriers  of  400  cm2  V-1  s_l  at  77  K.  Upon  growing  the  epi¬ 
layer,  the  mesa  devices  were  fabricated  by  boron  ion  implan- 
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FIG.  15.  (a)  Cross  section  of  Hg, . . Cd.Te  planar  avalanche  photodiode 
(a  =  0.73).  The  device  area  is  2  X  10  4  cm7  'hi  Photoresponse  of  this  diode 
to  an  1 ,06-pm  Nd  -Y  AG  laser  beam  as  a  function  of  reverse  bias  s  oilage  1  * 1 


tation  into  the  surface  region  of  the  layer.  This  measure  pro¬ 
duced  a  p-n  junction  at  the  depth  of  about  0.75  pm  below 
the  surface.  Then,  a  standard  photolithographic  technique 
was  used  for  delineating  the  active  areas  of  the  individual 
elements  of  the  mosaic.  Ohmic  contacts  were  deposited  onto 
the  top  of  the  active  areas,  indium  for  the  n  region  and  gold 
for  the  p  region.  Gold  wires  were  attached  to  the  detectors 
and  the  mounting  header  with  the  aid  of  a  thermocompres¬ 
sion  bonding  technique.  The  header  was  a  framelike  fixture 
that  facilitated  illumination  from  the  substrate  side. 

Quantum  efficiency  of  the  individual  diodes  without 
any  antireflection  coating  was  found  to  be  about  40%.  The 
current  of  these  diodes  was  dominated  by  surface-related 
leakage  at  temperatures  below  77  K.  The  l//noise  knee  oc¬ 
curred  at  10  Hz  ror  zero-biased  diodes  which  is  substantially 
less  than  the  corresponding  value  for  the  pbotoconductors  of 
Hgo  i  Cdp  jTe.  The  spectral  spread  of  the  diodes  was  only  0.3 
pm  over  the  entire  area  of  the  wafer,  giving  evidence  of  the 
high  uniformity  of  Hg^Cd,,,,  Te  layers. 

2.  Planar  avalanche  photodiode 

The  second  example  concerns  planar  Hg,  _ , Cd.Te 
avalanche  photodiodes.131,132  These  diodes  are  of  particular 
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interest  when  preparing  fiber  optics  communication  sys¬ 
tems.  Although  11I-V  alloys  are  used  frequently  for  optical 
detectors1”  in  the  wavelength  range  from  1.0  to  1.7  fim, 
Hg,  _ ,Cd,Te  alloys  with  x  =  0.80-C.65  have  the  potential 
for  application  in  this  wavelength  region.  In  essence,  the 
Hg,.  ,Cd,  Te-CdTe  heterostructures  have  several  funda¬ 
mental  physical  properties  which  are  very  suitable  for  near- 
infrared  source  and  detector  applications.  There  are  lit- 
tle”4'1”  lattice  mismatch  problems  with  these  structures 
over  the  whole  1.0-1. 7  pm  range.  Also,  Hg,  _,Cd,Te  has 
high  absorption  coefficients  for  high  quantum  efficiency  and 
low  intrinsic  carrier  concentrations  for  low  detector  noise. 

A  backside-illuminated  avalanche  photodiode  of 
Hg,  „Cd,Te-CdTe  is  shown  in  Fig.  15(a).1’1  It  is  grown  by 
a  vertical  dipping  LPE  Method.1'  The  Hg,  ,Cd,Te  epi- 
layers,  approximately  10  pm  thick,  were  grown  on  an  un¬ 
doped  CdTe  ( 1 1 1  )A  substrate  from  Te-rich  solutions.  The  n- 
p  junction  was  formed  by  boron-ion  implantation. 
Lithographic  techniques  were  used  during  the  diode  pro¬ 
cessing,  with  electron-beam-evaporated  ZnS  layers  as  passi¬ 
vation  coatings.  Ohmic  contacts  into  the  n  region  were  made 
by  evaporated  tin.  Ohmic  contacts  into  the  p  region  were 
made  by  depositing  a  gold  grid  for  reducing  the  spreading 
resistance  along  the  thin  p  layer.  The  curTent-voltage  char¬ 
acteristics  of  one  of  the  highest  gain  diodes  are  shown  in  Fig. 
15(b).  Avalanche  gains  as  high  as  15  were  observed  with 
1.06-pm  Nd-yttrium  aluminum  garnet  laser  illumination. 
Quantum  efficiencies  were  50%  and  72%  at  1.06  and  122 
pm,  respectively.  The  doping  profile  near  the  p-n  junction 
was  abrupt,  with  a  background  acceptor  concentration  of 
2X10”  cm'’. 

The  two  heterostructure  photodiodes  described  above 
illustrate  the  application  of  passive  Hg,  _  ,Cd,  Te-CdTe  he¬ 
terojunctions  in  the  infrared  detecting  technique.  This  appli¬ 
cation  is  based  on  the  wide-gap  optical  window  effect  and,  in 
fact,  needs  no  knowledge  about  the  physics  of  the  hetero¬ 
junction  for  descripton  of  the  electrical  and  photodetecting 
parameters  of  the  diodes.  The  situation  is  quite  different  in 
the  case  of  indium-diffused  Hg,  ^Cd.Te-CdTe  photo¬ 
diodes’51®  and  the  Hg,  _  „Cd„Te-Hg,  „yCdyTe  photo¬ 
diodes,””  where  the  energy  band  profiles  at  the  interface 
are  of  great  importance  in  defining  the  technical  parameters. 


3.  Photodiode*  with  active  Hg,  .  .Cd.Ta 
heterolnterfacea 

As  mentioned  earlier,  the  present  day  Hg,  ,  Cd,  Te  he¬ 
terostructures  are  characterized  by  graded  gap  heterointer¬ 
faces  resulting  from  interdiffusion  of  the  Hg  and  Cd  atoms. 

Under  certain  conditions,  the  potential  bamers  charac¬ 
teristic  of  abrupt  heterojunctions  can  also  be  formed  for  the 
graded  gap  heterostructures.  These  barriers  are  related  to 
anisotype  [p-n  or  n-p\  heterojunctions  generating  free  earner 
depletion  layers.  The  shape  of  the  potential  barrier  of  such  a 
heterointerface  depends  on  the  location  and  the  width  of  the 
p-n  junction  as  well  as  on  the  widths  of  the  depletion  layer 
and  the  graded  transition  region.” 

Two  kinds  of  Hg,  ,Cd,Te  heterostructure  photo¬ 
diodes  with  characteristics  depending  on  the  potential  bar¬ 
riers  at  the  heterointerfaces  have  been  investigated  so  far. 

In  the  indium-diffused  photodiode,”  where  electron 
diffusion  in  the  p- type  Hg,  ,Cd,Te  substrate  is  the  domi¬ 
nant  conduction  mechanism,  carriers  recombination  at  the 
Hg, .  ,Cd„Te-CdTe  interface  and  earners  transport 
through  this  interface  are  of  less  importance.  However,  in 
the  Hg,  _ ,  Cd,Te-Hg, .  ,Cd,Te  photodiode,”  transport  of 
photogenerated  carriers  through  the  heterointerface  is  do¬ 
minating  the  photodiode  characteristics.  We  will  discuss 
both  these  photodiodes  next 

1.  Hg,  . Cd Te-CdTe  rndium-difiused photodiode 

The  Hg, .  ,Cd,  Te-CdTe  heterostructures  of  indium- 
diffused  photodiodes  (Fig.  16)  have  been  prepared  with  the 
aid  of  MBE  by  depositing  high-resistivity  CdTe  epilayers 
(200-500  nm)  onto  bulk  p-type  Hgo.x»Cdo.»sTe  substrate 
platelets.  The  p-n  junctions  were  produced  by  diffusion  of  In 
into  the  platelets  through  the  insulating  CdTe  epilayers  from 
indium  dots  which  were  evaporated  on  the  top  of  these  lay¬ 
ers.  CdTe  prevents  Hg  loss  from  the  substrates  during  diffu¬ 
sion.  It  also  provides  a  good  electrical  passivation  of  the  sur¬ 
face  of  the  diode.  These  photodiodes  operate  in  the  range 
from  0.9  to  5.2  pm  with  the  peak  current  responsivity  of  3 
A/W.”  The  interfaces  are  depleted  of  both  majority  and 
minority  carriers  so  that  surface  leakage  currents  are  mini¬ 
mized  while  the  minority  carrier  lifetimes  in  the  substrate 
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FIG  1 7  F.iptnmtnli]  chsrsctemtics  for  the  CdTe-Hg,  ,  Cd,  Te  indium- 
diffmed  photodiode  ”  («)  Forward  /•  V  characteristics  at  77,  120.  160,  and 
18?  K  The  ideality  parameter  n  is  also  indicated  at  each  temperature.  No¬ 
minal  junction  area  la  et|ual  to  2  ■  111  '  air'  (h|  t  V  charauenstu  for  a 
jumluui  area  ol  I  .  In  \  m'  |tl  K?  K  a|wlral  reapmnr 


remain  unaffected.  These  properties  are  obtained  by  proper¬ 
ly  choosing  the  p-Hg,  _ ,  Cd,  Te-n-CdTe  heterojunction 
band-edge  profiles. 

Each  indium  dot  was  contacted  through  a  sputtered  50- 
ptn-wide  Al'Au  strip  starting  from  the  dot  center  and  end¬ 


ing  in  a  large  area  pad  to  which  a  wire  could  be  easily  bonded. 
The  A1  and  Au  were  deposited  in  sequence  to  avoid  oxida¬ 
tion  of  the  A1  surface  In  this  structure,  the  CdTe  film  pro¬ 
vided  the  isolation  between  the  A1  contact  and  the  substrate 
(the  resistivity  was  higher  than  IQ5  1}  and  insensitive  to  heat 
treatment  up  to  430  K.).  The  diodes  were  produced  by  diffu¬ 
sion  using  the  In  dots  as  sources.  The  diffusion  was  per¬ 
formed  in  95%  Nj/54%  Hj  atmosphere  at  temperatures 
between  353  and  433  K  for  15  min-24  h.  The  best  results 
were  obtained  with  the  samples  having  500-nm-thick  CdTe 
films  and  having  a  15-h  heat  treatment  at  373  K.  Finally, 
ohmic  contacts  with  the  aid  of  electroplated  Au  were  made. 

These  heterojunction  diodes  were  characterized  by 
their  dark  I-V  and  C-V  curves  and  by  the  spectral  response 
curve.  The  /-  V  characteristics  are  described  by 

/  =  I0 txpiqV /nkT  —  1)  (III  II 

at  all  temperatures  for  currents  above  10~’  A.  A  set  < >■'/  • 
curves  are  shown  in  Fig.  17(a).  The  "ideality  parameter  "  n  in 
Eq.  (111.1)  varies  from  1.0  at  180  K  to  1.7  at  77  K.  This 
behavior  of  n  indicates  that  the  dominant  conduction  mech¬ 
anism  is  diffusion  at  temperatures  above  1 60  X..  while  gener¬ 
ation-recombination  in  the  depletion  region  plays  an  in¬ 
creasingly  important  role  at  lower  temperatures.  There  is  an 
evidence  of  the  presence  of  a  third  conduction  mechanism  in 
these  I-V  characteristics  at  120  and  77  K  for  currents  lower 
than  10 7  A,  where  a  deviation  from  the  exponential  behav- 
ior  begins  to  take  place.  The  excess  current  causing  this  devi¬ 
ation  is  nearly  independent  of  temperature  and  may  be  attri¬ 
buted  to  a  tunneling  mechanism.  This  effect  limits  the  77  K 
zero-bias  RA  product  of  the  described  diode  to  a  val  ue  of  100 

II  cm2.  Since  no  dependence  of  the  77  K  RA  product  on  the 
diode  area  A  has  been  found,  it  is  likely  that  the  leakage 
mechanism  is  tunneling  across  the  junction  region,  rather 
than  at  the  diode  perimeter. 

The  C-  V  characteristic  of  the  indium-diffused  diode  ex¬ 
hibits  a  linear  dependence  of  C  “2  vs  V,  as  shown  in  Fig. 

1 7|b).  From  the  intercept  and  the  slope  of  the  best-fit  straight 
line,  a  built-in  voltage  of  0.2  V  and  an  impurity  concentra¬ 
tion  of  2  X  10”  cm can  be  deduced.  This  built-in  voltage  is 
consistent  with  the  one  expected  for  a  junction  formed  in  the 
Hg, .  „  Cd,Te  substrate  It  also  indicates  that  the  band-edge 
profile  over  the  diffused  p-n  junction  exhibits  no  potential 
barrier;  i.e.,  the  conduction-band  spike  is  quenched  |see  Sec 

III  C  for  discussion  oi'the  band-edge  profile  at  the  junction: 

The  indium-diffused  photodiodes  operate  as  photovol¬ 
taic  detectors.  Photons  with  energy  smaller  than  the  CdTe 
band  gap  and  incident  outside  the  In  dots  are  transmitted 
through  the  CdTe  layer.  They  generate  electron-hole  pairs 
only  in  the  Hg,  _„Cd„Te  substrate.  The  photon  generated 
minority  electrons  diffuse  laterally  toward  the  p-n  junctions 
where  they  are  ci  'lected  (see  Fig.  16)  No  current  can  flow 
through  the  Hg,  .Cd.Tc-CdTe  heterojunctions  rsiMuig 
between  the  neighboring  In-dill\ued  regions  because  the 
band-edge  profiles  of  these  junctions  are  of  a  "funnel"  type 
(CdTe  without  In  donors  is  semi-insulating).  The  spectral 
response  at  85  K  of  these  diodes  is  displayed  in  Fig.  17(c). 
The  short-wavelength  cutoff  is  due  to  light  absorption  in 
CdTe,  which  does  not  produce  any  significant  photocurrent 
due  to  the  much  shorter  diffusion  length.  The  long-wave- 
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length  cutoff  is  caused  by  inadequate  absorption  in  the  material  across  the  heterojunction.  This  results  in  photo- 

Hg,  _ ,  Cd,  Te  substrate.  The  response  shows  the  modulation  diodes  with  a  high  RA  product  but  a  poor  minority  carrier 

due  to  multiple  interference  in  the  CdTe  layer.  collection  efficiency.  When  the  depletion  layer  is  located 

It  can  be  concluded19  that  the  dominant  conduction  near  the  narrow-gap  side  of  the  heterojunction,  the  potential 

mechanism  in  the  indium-diffused  diodes  described  above  is  barrier  goes  away  and  normal  photodiode  characteristics  are 

electron  diffusion  in  the  p-  Hg,_xCd,Te  substrate.  How-  observed.  A  control  of  the  location  of  the  depletion  layer  was 

ever,  the  characteristics  of  these  photodiodes  are  controlled  achieved  by  adequate  doping  the  n- type  layer  with  indium 

as  well  by  the  properties  of  the  substrate  material  as  by  the  (the  In  concentration  for  a  normal  photodiode  mode  of  oper- 

potential  barriers  formed  in  the  diodes  (i.e.,  by  the  junction  ation  was  about  5-10times  the  acceptor  concentration  in  the 

fabrication  process).  The  diffusion  of  extrinsic  dopants  p- type  substrate). 

through  the  CdTe-Hg,  _„Cd,Te  heterojunction  is  a  useful  In  order  to  explain  the  observed  experimental  results, 

effect  regarding  the  production  of  p-n  homojunctions  in  theoretical  energy  band  diagram  of  the  anisotype 
Hg,  _„Cd.,Te photodetectors.  Hg,  ^Cd.Te-Hg,  .,CdyTe  heterojunctions  were  calculat¬ 

ed.”  To  this  end,  the  graded  gap  model  of  the  Hg,  _  ,  Cd,  Te- 
2.  Hg,  ,  Cd,  Te-Hg ,  _  tCdy  Te  hetero/unction  photodiode  CdTe  heterojunction,  developed  by  Migliorato  and  White36 

The  photodiode  heterostructure  was  formed  by  LPE  (see  Sec.  Ill  C),  has  been  used.  Computer  simulations  related 
deposition  of  a  l-pm  layer  of  «-type  wide-gap  to  these  heterojunctions  have  also  been  performed.13 
HgooiCdnnTe  onto  a  bulk-grown  p-type  narrow-gap  It  is  believed  that  the  Hg,  , Cd,  Te-Hg,  y Cd,Te  he- 

Hg,,  „  Cdi,  n  Te  substrate.  With  this  heterostructure,  mesa-  terojunction  photodiodes  should  exhibit  better  exploitation 

type  (compare  Fig.  1 3|  photodiodes  were  fabricated  by  stan-  characteristics  than  p-n  homojunction  or  passive  hetero- 

dard  photolithographic  processes. 12  With  the  infrared  radi-  junction  photodiodes  constructed  with  this  material  system, 

ation  incident  on  the  photodiode  from  the  epilayer  side,  the  This  is  because  (i)  the  backside  (wide-gap  material-side)  illu- 

shorter  wavelengths  will  be  absorbed  in  the  wide-gap  n-type  mination  mode  is  combined  here  with  the  p-n  junction  pho- 

layer  whereas  the  longer  wavelengths  will  be  transmitted  tovoltaic  effect,  and  (ii)  the  lattice  mismatch,  which  is  re- 

through  to  the  underlying  p- type  region  and  thus  be  ab-  sponsibleforthepresenceoflocalizedinterfaceenergystates 

sorbed  very  near  the  p-n  heterojunenon.  Minority  carriers  (camer  recombination  centers)31'119  is  not  much  larger  than 

(electrons!  generated  at  the  junction  may  then  be  collected  ln  homojunctions,  and  much  less  than  in  Hg,  _xCd,Te- 

efficiently,  provided  that  no  potential  barrier  exists  at  the  CdTe  heterojunctions, 

heterointerfacc. 

The  properties  of  these  heterojunction  photodiodes 
were  investigated  by  measurements  of  I-  V  and  C-Fcharac-  C'  H*t*ro|unctlon  band-edge  profit* 
teristics  (77  K|.  relative  spectral  response  (77  K),  and  The  band-edge  profile  formed  between  two  dissimilar 

SIMS  12  These  measurements  revealed  that  the  LPE-grown  lattice-matched  semiconductors  having  different  band  gaps 

heterostructures  (growth  temperatures  ranging  from  620  to  exhibits  discontinuities  in  the  valence-band  maximum  and 

720  K|  were  graded  with  a  transition  region  width  of  the  conduction-band  minimum  at  the  heterojunction.  The  sum 

order  of  only  0. 4-0.8  pm.  The  depletion  layer  at  the  p-n  of  these  discontinuities,  AEV  and  AEe,  is  equal  to  the  energy 

junction  was  found  to  have  a  width  of  about  0. 3-0.4  pim  difference  between  the  two  band  gaps  AE,.  For  calculating 

The  location  of  the  depletion  layer  within  the  graded  transi-  the  band-edge  discontinuities,  several  approaches  have  been 

tion  region  was  found  to  have  a  strong  effect  on  electrical  and  proposed, 1 17  ranging  from  simple  phenomenological  models 

optical  properties  of  the  heterojunction  photodiode.  If  the  to  fully  self-consistent  microscopic  computations.  A  model 

depletion  layer  is  near  the  center  or  toward  the  wide-gap  side  based  on  an  "electron  affinity  rule”  put  forth  by  Ander- 

of  the  transition  region,  a  potential  barrier  is  formed  which  sonJi.tJs.u*  ,s  perhaps  the  most  widely  used  method.  The 

inhibits  the  flow  of  electrons  originating  from  the  p-type  conduction  band-edge  and  valence  band-edge  discontinue 


FIG.  18.  Equilibrium  energy  bands  before  (a) 
and  after  (b|  the  formation  of  an  abrupt  p-n  he- 
teroj unction  for  f-Hg, .  .Cd.Te-n-CdTe.  The 
common  anion  rule,  ,  has  been  used  for 

both  diagrams  (a)  and  (b). 


2*07 


J  Appi.  Phyt..  Vd.  57,  No  8. 15  April  1965 


2*87 


n  =  Nrtxv[-{E'-EFVkT] 


(III. 8) 


ties  are  determined  by  the  difference  in  electron  affinities,^, 
and  Xi,  between  the  two  materials: 


d£,  =Xi  ~Xi 

(III-2I 

AE,  =  AE,  -  (*,  -  *,) 

(III-3) 

CdTe  and  HgTe  possess  very  similar  ionization  potentials 
( 7,  =  5. 8-6. 2  eV  for  CdTe140141  and  5.9  eV  for  HgTe141).  In 
essence,  this  is  the  “ common  anion  rule”  which  states  that 
7,  is  dependent  on  the  anion  species  alone.1 42143  AE, 
between  CdTe  and  Hg,  .  ,Cd,Te  is  given  by144 

d£„  =7„  —  ~0  (111.4) 

for  any  x  value  (  7p,  and  7pl  are  the  ionization  potentials  for 
the  ternary  and  binary  compounds,  respectively;  see  also 
Fig.  1 8).  Faurie1 26  has  found  a  discontinuity  of 40-50  meV  in 
AE,  for  the  Hg„ , Cdo  2 Te-CdTe  heterojunction  in  qualita¬ 
tive  agreement  with  Eq.  (III.4).  Therefore,  the  electron  affin¬ 
ities  of  Hg,  „Cd,Te  for  each  x  are  not  needed.  Because 
AE<~AE,,  according  to  Eqs.  (III. 2)  and  (111.3),  the  band- 
gap  dependence  on  x  given  by  Eq.  (1.1)  will  suffice  for  an 
estimate  of  A  Er. 

Numerical  calculations  of  the  equilibrium  band-edge 
profiles  for  p- Hg,  _ ,  Cd,  Te-/»-CdTe  have  been  perfomed  by 
Migliorato  and  White,36  who  used  Anderson's  model  and 
the  common  anion  rule.  Their  calculation  shows  the  pres¬ 
ence  of  a  large  spike  in  the  band-edge  profile  at  the  interface 
(see  Fig  18).  Such  a  spike  prevents  an  efficient  photovoltaic 
operation  by  acting  as  a  potential  barrier  to  the  minority 
carrier  flow.  The  barrier  can  be  quenched  by  grading  the 
junction  and  doping  the  CdTe  layer  in  a  proper  way.  With 
the  spike  quenched,  the  junction  possesses  a  conduction 
band-edge  profile  suitable  for  photovoltaic  operation. 

For  the  graded  p-Hg,  ,CdxTe  heterojunction,  the 
band-edge  profile  may  be  expressed  in  terms  of  position  in 
the  z  direction  (growth  direction).  This  concept  of  position- 
dependent  band  structure  with  a  simultaneous  ignorance  of 
the  apparent  variations  of  the  carrier  lifetime  and  mobility  in 
the  heterojunction  has  been  proposed  already  in  1967143-146 
and  is  still  used  in  the  theory  of  heterojunction. 141  By  choos¬ 
ing  the  vacuum  level  £„„  atz  =  L  to  be  a  reference  level  with 
zero  energy,  and  on  the  assumption  that  the  electrostatic 
built-in  potential  I V  is  zero  at  z  =  L  (Fig.  18),  one  obtains 

£,(*)=-#'(*)-*(*)  (HIS) 

and 

E, (z)  =  -  *\z)  -*(z)  -  £,(z) .  (III.6) 

From  the  common  anion  rule  we  have 

X  +  E,  =  7p  ~const . 

To  calculate  the  actual  band-edge  profile,  one  has  to  solve 
the  Poisson's  equation 

[V<l)^[*^)  =  NA-ND  +  n-p.  (HI- 7) 

Here  PfA  and  N„  are  the  acceptor  and  donor  concentrations, 
and  n  and  p  the  concentrations  of  free  electrons  and  holes, 
respectively, 


and 

p  =  N,  exp[(£,  —  EF)/kT)  .  (HI-9) 

Nr  and  N,  are  the  effective  mass  conduction  and  valence 
band  densities  of  states,  and  Ef  —  —  W{L )  is  the  Fermi 
energy  relative  to  £>I£  The  boundary  conditions  can  be  writ¬ 
ten  as 

*{-L)-*\L)=W\L)-W\~L)^AW 

and 


The  composition  and  doping  are  assumed  to  vary  as 
x  =  x\L  )  +  }  [x(  -  L  )  -  x{L  )]  erfc (z/C ) 
and 

N  =  .V  (L  )  +  }  [  A'  (  -  L  )  -  \  \L )]  erfc|z/J9 ) , 

where  N  =  ND  —  (V, ;  C  and  B  denote  characteristic  lengths 
of  the  composition  profile  and  the  doping  profile,  respective¬ 
ly.  The  composition  (doping)  suffers  a  change  from  80%  to 
20%  of  the  total  change  in  x  (or  N ),  as  z  goes  from  position 

-  C  to  +  C  (or  from  -  B  to  +  B ). 

For  the  graded  heterojunction  where  an  n-type  CdTe 
layer  is  deposited  onto  a  p-type  Hg,  _  ,  Cd,  Te  substrate,  the 
following  parameters  may  be  substituted  into  Eq.  (III. 7): 

N ,  =  4.831  X  1015r3,2m?3/5 , 

N,  =  2.033  x  10,57'3/2 , 

m •  =  (1.093  -  0.296x  +  4.42  X  10-*DX 7.063 X  10"  2£,  , 
e  =  (20  -  9.4z)e0 . 

The  results  of  the  calculation  are  shown  in  Fig.  19.  It  can  be 
seen  that  the  valence  band-edge  profile  exhibits  no  extrema 
Maxima  and  minima  occur  only  for  the  conduction  band- 
edge  profile  for  which  Ec  is  a  function  of  position  z.  At  small 
values  of  C  the  band  profile  bears  a  close  resemblance  to  the 
shape  of  an  abrupt  interface  because  an  interfacial  spike 
emerges  with  a  depletion  region  on  the  n  side  (CdTe)  and  an 
inversion  region  on  the  p  side.  At  large  C.  the  band  profile 
appears  to  be  quite  complicated.  Namely,  (i)  the  spike  is 
quenched  for  C  =  0.K  pm  and  ,VD  =  5  X  lO16  cm~  '  on  the 
CdTe  side,  (ii)  the  inversion  region  disappears  on  the  p- 
Hg,  _  ,Cd„Te  side  while  the  interfacial  maximum  persists 
and,  in  fact,  is  still  seer,  at  C  =  0.21  pm  and  ND  =  5  x  10“ 
cm  " 3  (in  CdTe),  and  ,iii)  the  “funnel”-shaped  profile  is  found 
at  the  interface  on  the  n  side  at  C  =  0  21  pm  and  N„ 

—  5x  1015cm-3.  Calculations  show36  that  for  a  donor  den¬ 
sity  Nb  >  JO1*  cm" '  in  CdTe,  the  graded  region  length 
(~2C )  of  40  nm  would  be  large  enough  to  yield  the  correct 
photodiode  band-edge  profile. 

Similar  small  lengths  are  adequate  also  for  generating 
the  "funner-shaped  surface  passivation  profiles.  A  com¬ 
parison  with  the  calculated  40- nm  interdiffusion  length  with 
that  observed  in  the  grown  Hg,  _  „  Cd,  Te-CdTe  heterojunc¬ 
tions  indicates  that  designing  the  junctions  with  desired 
band-edge  profile  is  feasible. 
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FIG.  19.  Calculated  band-edge  profiles  of  p- 
Hg,  _  iCd1Te-e-CdTe  graded  betero] unctions 
(with  x  =  0.2)  for  different  doping  levels  and 
composition  profiles.*4 


IV.  RESEARCH  PROBLEMS  AND  DEVELOPMENT 
PROSPECTS 

A.  Electronic  structure  versus  “macroscopic’' 
properties 

1.  Bulk  features 

The  present  day  understanding  of  the  Hg,  _,Cd,Te- 
CdTe  heterostructures  and  electronic  and  optoelectronic 
processes  is  far  from  complete.  The  strong  dependence  of 
many  physical  properties  of  these  heterostructures  as  well  as 
the  Hg,  ,Cd,Te  epilayers  on  the  growth  conditions  and 
growth  techniques,  and  the  peculiar  vulnerability  of  the 
Hg,  „Cd,Te  films  to  stress  induced  by  a  misfit  in  lattice 
parameters  at  the  interface  are  the  most  intriguing  problems. 

A  systematic  study  by  electrolyte  electroreflectance 
measurements'4*  shows  that  many  peculiarities  of 
Hg,  ,Cd,Te  are  related  to  instability  of  the  HgTe  lattice 


upon  alloying  with  Cd.  The  instability,  in  turn,  may  be  asso- 
cited  with  the  electronic  structure  of  Hg,  ,  Cd,Te  Angle- 
resolved  photoemission  measurements'44  which  probe  indi¬ 
vidual  electronic  bands  throughout  the  entire  valence-band 
region  and  k  space  in  the  reduced  Brillouin  zone  have  re¬ 
vealed  that  the  photoelectron  signals  arising  from  low-lying 
mainly  metal  r-electron  derived  states  in  the  energy  range 
from  —  4  to  —  6  eV  below  the  valence-band  maximum  cor¬ 
relate  separately  with  Hg  and  Cd  of  Hg,  _  ,  Cd,  Te  (Fig.  20). 
In  the  atomic  states,  the  valence  s  electrons  of  Hg  (6^)  are 
bound  1 .4  eV  more  strongly  than  the  valence  Sr5  electrons  of 
Cd.  The  fact  that  the-e  electrons  give  distinct  contributions 
to  photemission  from  Hg,  ,  Cd,  Te  indicates  that  the  differ¬ 
ence  in  atomic  Hg  and  Cd  potentials  remains  in  the  alloy.  It 
appears  possible 144  that  this  difference  in  the  binding  energy 
(the  “s-shift”)  is  responsible  for  many  “macroscopic”  effects 
observed  in  Hg,_,Cd,Te.  Spicer  el  a/.149  have  suggested 
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INITIAL  STATE  ENERGY  <eV) 

FIG.  20.  Angle- resolved  photoemission  spectra  (Av  =  21  eV,  6>  =  0*]  for 
Kg, .  „  Cd,  Te  bulk  crystal*.  Note  the  shift  of  the  Cd  4 d  lines  with  the  addi¬ 
tion  of  Hg. 


that  it  is  actually  a  necessary  condition  for  any  compound 
semiconductor  system  whose  band  gap  drops  from  a  large 
value  to  zero  as  the  composition  is  changed.  It  is  likely  that 
the s  shift  causes  high  electron  mobility  in  Hg,  ,Cd,Te  and 
the  difficulties  experienced  with  growth  and  mechanical 
properties.  It  was  also  found  that  the  Cd  4d-derived  states 
tend  to  move  to  higher  binding  energy  with  addition  of  Hg. 
This  direction  of  the  shift  suggests  that  Cd  becomes  more 
ionic,  as  the  Hg  content  increases,  and  reflects  a  relative  ease 
of  involving  the  more  loosely  bound  Cd  electrons  in  bond 
formation.  As  the  Cd  content  decreases,  therefore,  the  Cd- 
Te  bond  strength  increases.  Conversely,  the  Hg-Te  bond  is 
likely  to  be  weaker  in  Hg,_,Cd,Te  than  in  pure  HgTe, 
where  the  heat  of  atomization  is  30%  smaller  than  that  of 
CdTe.  As  a  consequence,  one  expects  an  easier  formation  of 
metallic  vacancies  in  HgTe  than  in  CdTe,  in  qualitative 
agreement  with  experience. 

The  different  bond  strengths  of  Hg-Te  and  Cd-Te  may 
be  expected  to  cause  clustering  effects  in  the  alloy.  Infrared 
lattice  vibration  reflection  spectra  of  Hg,  _„Cd„Te  by  Ko¬ 
zyrev  et  al,'K  can  be  accounted  for  by  assuming  an  occur- 
rence  of  the  short-range  clustering  of  the  cations  around  Te. 
Kozyrev  tt  at.  observed  that  a  good  lit  of  the  experimental 
and  calculated  reflectivity  spectra  could  be  obtained  if  they 
chose  the  clustering  parameter  0  to  be  0.6.  Since  0  is  zero 
for  a  random  distribution  and  one  for  a  complete  clustering, 
the  Hg,  _„Cd,  sublattice  cannot  be  deemed,  on  the  basis  of 
this  work,  an  ideal  substitutionally  disordered  alloy. 

2.  Surface  features 

Fundamental  studies  of  electronic  structure  of  the  sur¬ 
face  and  interfaces  of  Hg,  .Cd^Te  are  in  their  infancy 
However  major  developmcn  s  unde  in  the  understanding  of 
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FIG.  21.  (a)  Atomic  geometry  of  a  CdTe  crystal  for  the  truncated  bulk  : r 
(left  side)  and  the  relaxed  surface  in  double-layer  reconstruction  f  nghi  side 
according  to  Ref.  131.  This  rearrangement  moves  the  filled  and  empty  sur¬ 
face  states  out  of  the  band  gap,  for  example,  in  CdTe.  ZnSt,  and  GaAs  and 
probably  also  in  Hg,  _  ,Cd,Te.  (b)  Angle-resolved  phot  or  mission  (Av  -  2 1 
eV,  9  =  (T)  from  a  high-quality  CdTe  (1  !0|  overlayer  grown  by  the  ALE 
method  revealing  the  presence  of  an  occupied  surface  state  (surface  reso¬ 
nance,  labeled  S)  at  the  energy  of  0.3  eV  below  the  valence  band  maxi¬ 
mum.140 


the  surfaces  and  interfaces  of  closely  related  I1I-V  com¬ 
pound  semiconductors,  for  which  much  information  is  avail¬ 
able  about  the  intrinsic  surface  states  Isurface  resonancesl  as 
well  as  the  mechanisms  of  formation  of  Schottky  barriers 
and  M  OS /MIS  interface  states,  provide  an  important  start¬ 
ing  point  for  the  work  on  Hg,  _  „  Cd.Te.  The  results  obtained 
for  the  III-Vs  may  be  applied  to  the  II- Vis  to  a  large  extei.i 
because  the  surface  of  II-VIs  and  III-Vs  of  equal  crystal 
structure  exhibit  many  similar  properties  (provided  that  the 
band  gaps  are  similar).  For  example,  the  nonpolar  ( 1 101  sur¬ 
faces  of  GaAs,  ZnSe,  and  CdTe  are  relaxed  in  the  same  fash¬ 
ion.1”  The  surface  electronic  structure  is  also  known  to  be 
similar  for  these  compounds. 1 53-1  ”  A  striking  common  fea¬ 
ture  in  electronic  sttucture  of  the  (110)  surface  is  that  the 
intrinsic  surface  states  associated  with  anion-denved  dan¬ 
gling  bonds  are  moved  out  of  the  band-gap  region  by  the 
rearrangement  of  the  surface  atoms.  It  is  interesting  to  note 
in  this  context  that  the  predicted  surface  state  (surface  reso¬ 
nance)  has  been  found  recently  in  epitaxially  grown  CdTe 
(1 10)  overlayers. ,<0  A  summary  of  the  atomic  geometry  of 
the  CdTe  (110)  surface  and  a  photoemission  valence-band 
spectrum  showing  the  surface  resonance  is  presented  in  Fig. 
21.  We  are  tempted  to  believe  that  surface  relaxation  and 
surface  resonances  are  also  characteristics  of  Hg,  ,Cd,Te 
(110). 
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B.  Surface*  and  Interlaces 

The  stability  of  the  Hg,  _ ,  Cd,Te  alloy  surface  is  of  fun¬ 
damental  interest.  We  have  already  mentioned  that  the  Hg- 
Te  bond  energy  is  30%  smaller  than  the  Cd-Te  bond  energy 
in  the  bulk  of  the  alloy.  Although  this  is  a  bulk  property,  it  is 
also  critical  to  the  understanding  of  surfaces  and  interfaces. 
There  has  been  considerable  concern  as  to  the  stability  of  the 
Hg,  ,Cd,Te  surface  against  room-temperature  evapora¬ 
tion  of  Hg.  Nitz  etal. 1,6  have  reported  changes  in  the  surface 
composition  with  time  at  room  and  elevated  temperatures 
for  HggjCdo  jTe  samples  prepared  by  scraping  the  surface 
in  vacuum  or  by  ion  bombarding.  They  found  a  loss  of  25% 
of  Hg  at  the  surface  in  3  h  at  290  K.  This  observation  lends 
support  to  the  proposals  by  Nimtz  el  a/.157  and  Micldeth- 
waite  and  Redden158  that  the  changes  observed  in  electrical 
parameters  and  conduction  type  in  Hg,  _,Cd,Te  samples 
stored  open  under  room-temperature  conditions  for  periods 
of  3- 1 3  years  are  caused  by  out-diffusion  and  evaporation  of 
Hg  Recent  studies  by  Silberman  et  a!. 154  indicate  that  per¬ 
turbations  to  the  surface  such  as  oxidation  and  sputtering 
have  a  remarkable  effect  on  surface  composition.  They 
found  no  evidence  of  a  Hg  loss  in  vacuum-cleaved  samples 
for  periods  of  5-20  h.  Although  these  experiments  cannot  be 
used  to  assert  the  stability  of  the  samples  for  periods  of  years, 
due  to  the  short  period  of  observation,  they  clearly  docu¬ 
ment  that  the  quality  of  the  surface  s  the  key  factor  deter¬ 
mining  compositional  stability. 

The  preferential  sputtering  of  Hg  from  the  surface  un¬ 
der  ion  bombardment  has  been  firmly  estab- 
lished.  nM^ir.5  p  ven  |ow  doses  of  electrons  are  found  to 
induce  desorption  of  Hg.  ,56-,<u- '6’  Cacmium  enrichment  has 
been  noted  to  accompany  Hg  loss  for  the  sputtered  and 
scraped  surface.15''  ''’'182  Sputtering  causes  deviations  from 
the  stoichiometry  also  for  the  HgTe  surface  but  leaves  the 
CdTe  surface  unreconstructed  of  stoichiometric  composi¬ 
tion.  Thus,  the  analysis  and  extraction  of  atomic  concentra¬ 
tion  profiles  of  the  Hg,  ,  Cd, Te  layers  and  interfaces  by 
using  conventional  Auger  electron  spectroscopy  (AES)  in 
conjunction  with  ion  bombardment  are  complicated  by  non- 
stoichiometric  sputter  erosion  of  the  materials. 

Sputtering  yields  for  individual  elements  Cd,  Te,  and 
Hg  have  been  discussed  in  Ref.  1 56.  Effects  of  different  etch¬ 
ing  techniques  on  surface  composition  have  been  studied  us¬ 
ing  XPS'6' IM_'68  and  electroreflectance  spectroscopy. 167 
The  standard  bromine-methanol  chemical  etching  damages 
the  surfaces  to  a  depth  of  about  60  nm  depleting  them  in  Cd 
and  leaving  them  covered  with  thin  activated  Te-rich  layers 
which  are  quickly  contaminated  with  oxygen  and  carbon 
when  exposed  to  laboratory  atmosphere.'67  The  Hg-to-Te 
content  near  the  surface  depends  on  details  of  the  etch  proce¬ 
dure.  166 

The  lattice  defects  in  undoped  and  Cu-  or  In-doped 
Hg,  ,Cd,Te  bulk  crystals  have  been  investigated  by  Vy- 
dyanath  era/.168"170  The  interface  transitional  zone  defects 
and  misfit  dislocations  in  LPE-grown  Hg, _,Cd,  Te-CdTe 
heterostructures  have  been  studied  by  Magee  and  Wool- 
house  1,1 

Despite  the  fact  that  a  collection  of  experimental  data 
concerning  the  defects  behavior  in  Hg,  _  ,  Cd,  Te  crystals,  or 
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in  Hg, .  ,Cd,Te-CdTe  already  exists  a  number  of  unsolved 
problems  still  remain  to  be  investigated.  It  is  worth  noting 
that  the  most  important  feature  of  the  Hg,  _ ,  Cd,  Te-CdTe 
heterostructure  system  is  connected  with  the  fact  that  the 
interface  and  bulk  properties  of  the  ternary  compound  can¬ 
not  be  treated  as  two  separate  entities.  The  strong  effect  of 
bulk  imperfections  and  the  rapid  communication  of  defects 
between  bulk  and  interface  or  surface  must  be  properly  taken 
into  account  in  any  investigation  or  technological  process. 
This  is  principally  the  result  of  the  weak  Hg-Te  bond  in 
Hg,_,Cd,Te  and  it  can  be  seen  as  a  great  technological 
difficulty  encountered  when  fabricating  IR  detecting  de¬ 
vices. 

Although  Hg,_,Cd, Te-CdTe  heterostructures  have 
been  used  until  now  with  success  only  in  discrete  IR  detect¬ 
ing  devices  it  is  reasonable  to  expect  that  the  advantages  of 
these  structures  will  be  in  the  future  applications  for  produc¬ 
ing  complicated  integrated  focal  planes  for  IR  imaging  tech¬ 
nique  which  are  presently  made  out  of  Hg,  ,  Cd,Te  plate¬ 
lets  cut  from  bulk  crystals.7,172 

C.  HgTa-CdTe  heterojunction*  and  superiattlcea 

The  heterojunctions  consisting  of  HgTe  (a  semimetallic 
compound)  epitaxially  grown  on  CdTe  may  have  a  number 
of  applications.  They  can  afford  higher  Schottky  barriers 
than  those  obtained  by  depositing  an  elemental  metal  onto 
CdTe. 177  They  can  also  provide  some  insight  into  the  mecha¬ 
nism  of  Schottky  barrier  formation.  Since  HgTe  and  CdTe 
are  similar  in  their  chemistry  and  physical  structure  the 
study  of  this  heterojunction  system  provides  a  rather  ideal 
Schottky  barrier  structure  which  is  free  of  the  structural  and 
chemical  complexities  found  in  most  metal-semiconductor 
contacts.'74 

Perhaps  the  most  interesting  and  perspective  applica¬ 
tions  are,  however,  related  to  HgTe-CdTe  superlattices. 
Such  superlattices  potentially  offer  inherent  advantages  over 
Hg,  _,Cd,Te-CdTe  structures  as  IR  detector  materials. 
Namely,  (i)  the  fractional  uncertainty  in  layer  thickness  and 
composition  of  the  alloy  permissible  in  the  superlattice  is 


FIG.  22  Cutoff  wavelength  as  a  function  of  alkiy  composition  ilefl  panel 
for  the  Hg,  .  ,Cd,Te  alloy  and  cutoff  wavelength  aa  a  function  of  layer 
thickness  Inghl  pencil  for  the  HgTe-CdTe  super-lattice  with  equally  thick 
HgTe  and  CdTe  layers  1 " 
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greater  than  that  in  the  ternary  system  for  fixed  band-gap 
tolerance  requirements;  (ii)  the  calculated  tunneling  currents 
in  the  superlattice  are  found  to  be  much  smaller  than  in  the 
alloy  of  the  same  band  gap,  and  (iii|  p-side  diffusion  currents 
in  the  superlattice  are  expected  to  be  smaller  than  in  the  alloy 
of  the  same  band  gap.1”  The  calculated  cutoff  wavelengths 
for  superlattices  with  equal  HgTe  and  CdTe  layer  thick¬ 
nesses  are  compared  in  Fig.  22  with  those  of  the  alloy.  It 
can  be  seen  that  a  large  part  of  the  IR  spectrum  is  sampled  by 
the  superlattice  without  going  to  extremely  thin  layer  spac- 
ings,  which  is  difficult  to  fabricate.  For  example,  for  the  cut¬ 
off  wavelength  of  X  =  1 2  pm,  a  layer  thickness  of  7. 3  nm  is 
sufficient.  Although  thicker  layers  could  be  grown  at  present 
the  results  of  Refs.  27  and  125  are  very  encouraging  and 
suggest  that  the  difficulties  associated  with  growing  HgTe- 
CdTe  can  be  solved. 

Measurements  of  electronic  properties  of  HgTe-CdTe 
superlattices  using  a  far-infrared  magnetoabsorption  tech¬ 
nique176  at  low  temperature  (1.6  K)  have  shown  that  these 
superlattices  with  geometrical  and  compositional  param¬ 
eters  described  in  Ref.  120  are  quasi  zero-energy  gap  semi¬ 
conductors,  displaying  electronic  properties  which  are 
found  neither  in  bulk  HgTe  and  CdTe  crystals  nor  in 
Hg,  _  ,Cd,Te  ternary  alloys.  For  example,  at  low  magnetic 
fields  the  electron  effective  mass  in  the  plane  of  the  layers  is 
strongly  nonparabolic  and  much  lighter  than  in  bulk  HgTe. 

V.  CONCLUDING  REMARKS 

Hg,  _,CdxTe  is  a  semiconducting  alloy  with  a  band 
gap  that  can  be  selected  in  the  range  from  0  to  1 . 5  eV  at  room 
temperature  by  varying  the  mole  fraction  of  CdTe.  The  vari¬ 
able  band-gap  aspect  and  high  electron  mobilities  make  this 
material  nearly  ideal  for  infrared  device  applications.  The 
need  for  large-area  Hg,  _,Cd,Te  material  of  good  crystal¬ 
line  quality  for  detectors  and  advanced  focal  plane  arrays 
has  prompted  research  in  thin-film  structures  of 
Hg,  _  x  Cd„  Te.  The  advantages  of  the  backside-illuminated 
operation  mode  of  the  infrared  photovoltaic  detectors  and 
the  encouraging  theoretical  forecasts  concerning  superlat¬ 
tices  as  structures  for  infrared  detectors  have  given  rise  to 
growing  interest  toward  heterostructures  of  this  material 
system. 

We  have  presented  the  state  of  the  art  of  the  physical 
and  technological  knowledge  of  semiconductor 
Hg,  _,Cd,Te-Hg,  _,Cd,Te  (0<xxy<l)  heterostructures. 
For  these  structures,  CdTe  or  Hg,  ,  Cd,  Te  wafers  cut  from 
bulk  grown  crystals  are  normally  used  as  substrates.  The 
most  promising  crystallization  method  for  growing  these 
crystals  seems  to  be  at  present  the  travelling  heater  method. 
For  preparation  of  high-quality  substrate  surfaces,  accepta¬ 
ble  for  epitaxy,  the  “hydroplane  polishing’’  method,  which 
leads  to  the  lowest  surface  dislocation  density,  may  be  used. 
However,  only  a  buffer  layer  epitaxially  grown  on  the  "hy¬ 
droplane  polished’  surface  is  able  to  produce  the  final  quali¬ 
ty  of  the  substrate  required  for  epitaxy  of  Hg,  _ .  Cd,  Te. 

As  evidenced  in  this  review,  three  growth  techniques, 
namely,  LPE,  VPE,  and  MBE  have  proven  acceptable  for 
producing  device-quality  Hg,  ,Cd,Te-Hg,  ,Cd,Te  he¬ 
terostructures.  Cathodic  sputtering  and  laser-assisted  depo- 
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aition  and  annealing  have  also  indicated  encouraging  results 
in  epitaxy  of  these  layered  systems. 

The  understanding  of  electrical  and  photoelectncal 
properties  of  the  constituent  heterointerfaces  of  these  strut 
tures  is  still  poor,  while  the  technology  involved  and  the 
structural  parameters  of  the  interfaces  are  known  much  bet¬ 
ter,  As  discussed  above,  some  good  results  related  to  the 
photodetectors  with  active  Hg,  „  Cd,  Te  heterointerfaces  as 
well  as  to  HgTe-CdTe  superlattices  predict  that  the  electri¬ 
cal  and  photoelectrical  properties  of  the  Hg,  , Cd,  le- 
Hg,  _  ,Cd,Te  |0<xjte  1 )  heterostructures  will  be  largely  ap¬ 
plied  in  the  near  future  to  infrared  detecting,  imaging  and 
processing  techniques.  To  this  end,  however,  the  following 
fundamental  research  problems  relevant  to  these  heteroin¬ 
terfaces  should  be  solved: 

(i)  how  to  control  the  peculiar  vulnerability  of 
Hg,  _ ,  Cd,  Te  films  tc  stress  induced  by  a  misfit  in  the  lattice 
parameters  at  the  heterointerface; 

(ii)  how  to  enhance  the  physical  and  chemical  stability 
of  the  Hg,  _,Cd,Te  alloy  surface; 

(iii)  how  the  physical  space-quantized  effects  in  super¬ 
lattices  could  be  appl  ed  to  device  structures;  and 

(iv)  how  to  optimize  the  device  preparation  processes 
(metallization,  passivation,  bonding,  etc  I  in  order  to  save  the 
heterostructures  used  in  a  device  from  changing  their  phys- 
icai  parameters. 
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